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For more than 50 years, silicon has dominated the electronics industry. However, due to resources
limitations, viable alternatives are considered and investigated. Among all alternative elements, carbon
is the predominant element for a number of reasons; last but not least the fact that it can be obtained
from waste. Whereas the physical properties of graphite and diamond have been investigated for
many years, the potential for electronic applications of other allotropes of carbon (fullerenes, carbon
nanotubes, carbon nanofibres, carbon films, carbon balls and beads, carbon fibres, etc), has only been
appreciated relatively recently. Carbon-based materials offer a number of exciting possibilities for new
applications of electronic devices, due to their unique thermal and electrical properties. However,
the success of carbon-based electronics depends on the rapid progress of the fabrication, doping and
manipulation techniques.

The present Special issue has a twofold structure: on one side review papers dealing with the
most developed fields; on the other innovative research papers that report new exciting results.

A wide spectra of carbon materials and a wide range of applications are described in the
present issue. As per material type, papers deal with graphene and graphene-oxide [1–4], carbon
nanotubes [2,5,6] and with other forms of carbon, such as porous carbon [7] and nanofibers [8,9]. A
plethora of devices are witnessing the versatility of carbon materials: supercapacitors [1,9], non-volatile
memories [8], pressure sensors [2,7], field-effect transistors [10], white-light photosensors [3], cold
cathode electron emitters [5], gas and humidity detectors [6,11], MEMS and NEMS [12], carbon based
inks for 3D microfluidic MEMS [13], transparent conductive electrodes [4].

Dywily et al. [1] describe the production of nanometal decorated graphene oxide anchored on PANI
and its performance in supercapactors, achieving specific capacitance values up to 227.2 F/g; a value that
favorably compares with other literature data involving graphene based systems. Bondavalli et al. [8]
focus on the fabrication of Resistive Random Access Memory (ReRAM) on flexible substrates based on
oxidized carbon nanofibres (CNFs) showing that two different resistance states (ON, OFF) reversibly
switchable can be obtained. Caradonna et al. [2] discuss the use of various carbon nanofillers to promote
piezoresistivity in polymers by means of laser scribing treatment able to produce conductive tracks in
an otherwise low conductive material. Porous carbon electrodes and their interesting piezoresistive
properties are discussed by Dai et al. [7]. An innovative (faster and cheaper) method to produce
liquid-metal electrodes for graphene field-effect transistors is discussed by Melcher et al. [10]. The
use of a new technique (active-screen plasma) to functionalize and decorate carbon nanofibres with
metals for supercapacitor applications is presented by Li et al. [9]. A method aimed to overcome the
limitation of standard approaches in preparing graphene-based photosensors is discussed and detailed
by Tu et al. [3]. Kim et al. [5] focused their work on the fabrication of stable CNT cold emitter using an

Micromachines 2019, 10, 856; doi:10.3390/mi10120856 www.mdpi.com/journal/micromachines1
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aging technique. The last research paper is presented by Song et al. [6] and focuses on the ability of a
two-nanotube sensor to selectively detect NO and NO2.

The remaining papers of the issue are reviews aimed to provide to the reader an overview of
several fields of interest, ranging from NEMS and MEMS [12] to functionalized carbon materials
for electronic devices [14], from carbon-based humidity sensors [11] to graphene-based transparent
conductive electrodes [4]. Finally, O’Mahony et al. [13] reviewed the rheological issues to be tackled in
addictive manufacturing when using carbon-based inks for lab-on-a-chip applications.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The development of micro and nano electromechanical systems and achievement of higher
performances with increased quality and life time is confronted to searching and mastering of material
with superior properties and quality. Those can affect many aspects of the MEMS, NEMS and MOMS
design including geometric tolerances and reproducibility of many specific solid-state structures
and properties. Among those: Mechanical, adhesion, thermal and chemical stability, electrical and
heat conductance, optical, optoelectronic and semiconducting properties, porosity, bulk and surface
properties. They can be affected by different kinds of phase transformations and degrading, which
greatly depends on the conditions of use and the way the materials have been selected, elaborated,
modified and assembled. Distribution of these properties cover several orders of magnitude and
depend on the design, actually achieved structure, type and number of defects. It is then essential
to be well aware about all these, and to distinguish and characterize all features that are able to
affect the results. For this achievement, we point out and discuss the necessity to take into account
several recently revisited fundamentals on carbon atomic rearrangement and revised carbon Raman
spectroscopy characterizing in addition to several other aspects we will briefly describe. Correctly
selected and implemented, these carbon materials can then open new routes for many new and
more performing microsystems including improved energy generation, storage and conversion, 2D
superconductivity, light switches, light pipes and quantum devices and with new improved sensor
and mechanical functions and biomedical applications.

Keywords: carbon-based material; carbon structure differentiation; NEMS quality; higher
performances; revised Raman characterization; quantum electronic activation; carbon phase transition

1. Introduction

Although, micro, nano electromechanical and optomechanical systems are still often confronted to
the lack of quality and longer life time and to the search of extended higher performances [1],
huge progress has been recently achieved in MEMS and NEMS technology in using more
performing carbon-based materials, which are presenting a large panel of various superior properties
concerning their mechanical properties, such as young modulus, Poisson’s ratio, fracture strength of
nanocrystalline diamond for instance [2], tribological, electric, semicon, piezoelectric, heat conducting
and optical/optoelectrical properties [3,4], diamond micro and nano resonators [5,6], piezo-resistivity
obtained with carbon nanotubes [7], diamond-like carbon MEMS sensors [8] and many more which
are making use of functionalized graphenic and related materials [9–20].

Key hurdles currently preventing the commercial application of many NEMS devices include
low-yields and high device quality variability, concerning structure, physical and chemical
stability, nucleation, adhesion, different kinds of internal and interface stress, tribology and
wear rates, contamination diffusion barrier properties, stability and reproducibility of surface
functionalization [16–19]. Before NEMS devices can actually be industrially implemented, reasonable
integrations of carbon-based products must be created [21]. Next, the challenge to overcome is

Micromachines 2019, 10, 539; doi:10.3390/mi10080539 www.mdpi.com/journal/micromachines3
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understanding carbon-based materials properties, with which efficient and durable NEMS with low
failure rates can be achieved [22,23].

Basically, those can often be improved in using selectively different kinds of carbon materials
including the different sorts of diamond, tetrahedral carbon, DLC, GLC, glassy carbon, nanowires and
nanotubes and graphenic materials of specific properties [9] and we discuss that in more details in this
study. Those have intrinsic properties, which are distributed over several order of magnitudes and
have to be well distinguished from each other [2,3,12,13,21].

Limiting factors of their implementation are generally a consequence of degraded structure and
defects and possible induced phase transformation which are depending on their elaborating device
and application environment [23,24]. It then appears necessary to also have all sorts of appropriate
characterizing devices, which have to be used for the different process optimization steps. Further
on it is then also to be considered well understood the aspects of surface preparation and processing,
nucleation and growth mechanisms and especially the phase transformation they can be subject and
which have been generally neglected and omitted to be considered although appearing of greatest
importance [12,13,25–27].

Necessary mastering of differentiate carbon material depositing and characterizing can be
achieved with recently revisited fundamentals on carbon atomic rearrangement [25] and carbon
Raman spectroscopy [26]. In addition to several other revisited subjects, we briefly recall concerning
diamond-like carbon coatings [27], energy storage and conversion using different kinds of carbon-based
materials [28], superconductivity (because of some analogy with electron ballistic properties in
graphenic materials [29], for which carbon materials need to be correctly selected and associated.
This appears all the more important to be achieved, considering those, can open new routes for
improved microsystems and 2D devices concerning mechanical functions, light switches, light pipes
and quantum calculation devices [30].

2. Brief Review on Main MEMS and NEMS Characteristics

2.1. Early Stage of Microelectromechanical Systems (MEMS)

MEMS is the technology of microscopic devices, particularly those with moving parts smaller
than a human hair with outstanding accelerating practical application interest during the last decades
and which have rapidly achieved actuator dimensions in the 100 nm range, before becoming much
smaller with nano-technologic means. They are now used for many applications, and a future form of
NEMS is expected to exceed the IC industry in both size and impact on society [1].

These devices replace bulky actuators and sensors with a micron scale equivalent that can be
produced in large quantities by the fabrication process used in integrated circuits. They reduce
cost, bulk, weight and power consumption while increasing performance, production volume and
functionality by orders of magnitude [21,23].

Those are concerning multidisciplinary fields in the areas of engineering, chemistry, material
science, physics, and any specialized field for applications in bioengineering or medicine. Their future
holds revolutionary breakthroughs in a wide range of: Nanocircuits, actuators (piezo-electrostatic,
shape memory, electromagnetic), sensors, radar, locators, materials, imaging, nanocontact and
nano-relays [31–41], micromotors and micropumps [42–49], optical functions and optoelectronic
devices, such as switches, integrated energy harvesting, wave length filtering, optical grating switch
and optical sensors—these MEMS are called micro optical electromechanical systems (MOMS) [50–52],
energy storage [28,53], nanocapacitors, data storage and nano-computers [1,30,54–56] including 2D
superconducting devices to be used for quantum computers [29], and such as, bio-functionalizing,
etc. [1,11,16,57,58].
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2.2. MEMS Fab

MEMS became practical once they could be fabricated using modified semiconductor device
fabrication technologies, normally used to make electronics. They usually consist of a central unit
that processes data (the microprocessor) and several components that interact with the surroundings
such as microsensors [1,21,30]. The fabrication of MEMS evolved from the process technology in
semiconductor device fabrication, i.e., the basic techniques are the deposition of material layers,
patterning by photolithography and etching to produce the required shapes and to which different
types of bulk and surface micromachining of different materials can be associated [59–61].

The addition of specific material properties with the availability of inexpensive high-quality
materials, and ability to incorporate electronic functionality make silicon attractive for a wide variety of
MEMS applications. However, considering the large surface area to volume ratio of MEMS, and complex
interface mechanical, chemical, electrical and electro-magnetic phenomena, their design requests
particular attention and several other materials have been also considered for MEMS manufacturing,
such as polymers, metals, and ceramics before considering advanced carbon materials [1,4–16] for
many specific reasons on which we focus on in Sections 3–5.

2.3. NEMS

2.3.1. Definition and General Features

MEMS technology evolves into smaller nanoelectromechanical systems (NEMS) and
nanotechnology [59–62]. These devices replace bulky actuators and sensors with a micron scale
equivalent that can be produced in large quantities by the fabrication process used in integrated
circuits in photolithography. They reduce cost, bulk, weight and power consumption while increasing
efficiency, performance, production volume and functionality by orders of magnitude. They achieve a
reduced size down to 10 nm range and less considering the size of some of their subsystems [63,64].
Miniaturization of MEMS fab could be achieved with two complementary approaches. (A) Top-down
approach uses the traditional microfabrication methods. While being limited by the resolution of
these methods, it allows a large degree of control over the resulting structures such as nanowires,
nanorods, and patterned nanostructures are fabricated from metallic thin films or etched semiconductor
layers [62]. (B) Bottom-up approaches, in contrast, use the chemical properties of single molecules to
cause single-molecule components to self-organize or self-assemble into some useful conformation,
or rely on positional assembly and allows fabrication of much smaller structures [63]. Those can
be made at the VLSI scale, possibly co-integrated with CMOS well suited for autonomous, highly
sensitive or dense sensors. They include complex gas portable recognition systems, mass spectrometry,
or bio-sensors [11–14] and open several opportunities for integrated solutions in emerging domains as
chemical analysis and life science [16,21–24,30,57,58].

2.3.2. Early NEMS Application Fundamentals

Nanoscale mechanical sensors offer a greatly enhanced performance that is unattainable with
microscale devices [59–67]: Ultrasensitive sensors [68], high quality factor diamond resonators [69],
high mass and spatial resolution basing on mechanical resonance and cantilever vibration up to high
frequencies [70], which is enabling chemisorption measurements in air at room temperature, with very
high mass resolution below 1 atto-gram (10–18 g) [71]. Further on, high-sensitive liquid/airflow meter
could be produced [72], nano ph sensor [73] and nano-molecular machines [74–80].

A molecular machine is a group of molecular components that are able to produce quasi-mechanical
movements when exposed to specific stimuli.

There are three categories of the molecular machines, namely natural or biological, synthetic, and
natural-synthetic hybrid machines [81–83]. Synthetic molecular machine includes motors, propellers,
switches, shuttles, tweezers, sensors and logic gates. Biological motors convert chemical energy into
linear or rotary motion as well as controlling many biological functions. Examples of linear motions:
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Proteins, muscle contraction, intracellular transport, signal transduction, ATP synthesis, membrane
translocation proteins and the flagella motor. Natural-synthetic hybrid systems are mechanical motors
inspired from DNA duplication and partition [83–88].

The NEMS technology is distinguished from molecular nanotechnology or molecular electronics
in that the latter must also consider surface chemistry and solid-state phonon and electronic quantum
mechanical aspects which can affect mechanical, electric and optoelectronic properties, friction
and that can cause high signal/noise ratio ([89–92]. Mechanical deformation and electrical contact
properties and adhesion between carbon nanotubes are important aspects of their quality and
dynamic performances [93–98] and explaining why they must be selected and controlled upon their
characteristics, size and defect content.

In spite of already numerous probated applications many potential others corresponding to
bench lab prototypes could not yet be sufficiently mastered on their quality, reliability and life time
in consequence of insufficiently understood fundamentals [21–23]. Among them, those concerning
stability and material structure modification being induced by local quantum electronic effects which
used to be ignored up to recent past [25,99] and another important quantum mechanical revisited
aspect concerning the characterization of carbon material: The recently revised Raman fundamentals
with which carbon material structure and their defects can be better and more correctly sorted out [26]
and we recall and discuss this in more details next in Sections 3–5.

Considering selective electronic activation of semiconducting surface material caused by
adsorption and chemisorption and with which transversal polarization effects can appear [100],
much sensitive and selective physicochemical interactions can be considered between nanoparticles
and the biologic material. This is illustrated with size dependence of Au and Ag particle on different
biological metabolism [101,102]. Different corresponding nano-effects are considered for nanomedicine
and dentistry applications [103,104] and are also a subject of toxicologic investigations [105–107].

3. Increased NEMS Performances with Advanced Carbon Material

3.1. Progress in NEMS Technologies

They are less mature than that of MEMS due to the difficulty to reliably couple the micro-actuators
to the macroscopic world and to achieve requested quality and performances, specially concerning
longer life time, higher strength, better adhesion and tribology and better mechanical and chemical
stability and better reproducible size, bulk and surface optoelectronic effects and heat/electric conducting
properties [21–23]. However, owing to the use of different carbon-based materials with corresponding
superior solid-state bulk and surface properties and which have been synthetized with more or less
empirical means [3,10], the fast-growing number of MEMS/NEMS applications could be achieved.
For instance, the scanning tunneling microscopes (STMs), inertial, pressure, thermal, optical, flow,
capacitive position sensors, biochips for detection of hazardous chemical and biological agents,
high-throughput drug screening and selection, optical switches, valves, RF switches, micro-relays,
electronic noses, etc. [1,44,45,61–65,74,108–110].

3.2. Diamond and Related Materials

3.2.1. Different Categories of Diamond and Diamond-Like Materials

Diamond materials offer great potential for electronic and biomedical application. With very
high stiffness, high thermal conductivity, optical transparency range, chemical stability and wear
resistance for the diamond-based materials extend their applicability for MEMS/NEMS [24]. Besides,
these diamond materials which are nevertheless presenting a large panel of different structures and
properties, and which have to be distinguished from each other’s [3–68], many other different kinds of
diamond-like materials have either to be considered and distinguished from each other’s in so far they
often present an underestimated wide range of specific combined properties. Those are depending
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on specific composite structure, defect, contamination and atomic disorder including physical and
chemical, optical and optoelectronic properties, thermal, mechanical, chemical, tribological, and wear
resistance, internal mechanical stress, electric properties and their possibility to be doped. Depending
also, on their surface micro and nano rugosity, porosity and surface chemisorbing and adsorbing
properties, and the way they can be produced [27,111–113]. Different categories of diamond and
diamond-like carbon (DLC) materials have to be considered:

(a) Polycrystalline diamond of different crystallite size, including the hexagonal and epitaxial diamond.
To be observed that the denser and smoother micro- and nano-crystalline diamond is almost
containing a significant part of graphitic material where more or less ordered/disordered diamond
crystallites are imbedded. However, besides interesting tribological properties, those have
generally reduced others (optical, optoelectronic, chemical and mechanical) [114–119].

(b) Amorphous diamond and degraded tetrahedral amorphous carbon, ranging from materials with high
internal stress such as the amorphous diamond and ta-C:H and others for which the internal
stress could be reduced without graphitic degradation [120–126].

(c) Polymeric carbon [127,128], although not being really diamond-like, but which contain many sp3
carbon chains and have a similar optoelectronic gap.

(d) Diamond-like a-C:H and composite material such as diamond-like glassy-carbon CNx and sp3 rich
carbon nanowire and fiber [24,27,129–133].

3.2.2. Upholding of Combined Properties

It must be emphasized that all these diamond and diamond-like materials have much different
combined properties, concerning their Csp2 and Csp3 content, their thermal and chemical stability,
and their simultaneous mechanical, tribological and optoelectronic properties. This is especially
concerning the mechanical elastic/plastic/hardness properties which are obtained after an annealing
process reducing the internal stress [3]. The resulting material will generally no longer combine
higher diffusion barrier, optical and electric and/or dielectric properties. The harder homogeneous
isotropic amorphous diamond combines many different superior interesting properties, except its
electric conductivity and its internal stress which can only be annealed without degrading the initial
properties with particular appropriate means (e.g., hard UV laser annealing) and when the temperature
stays lower than the thermal graphitization temperature threshold [120–124].

When it is degraded to a more graphitic material, the amorphous diamond and harder ta-C
will generally lose at least at nanoscale their amorphous homogeneity with the formed sp2 clusters
(islands of sp2 material within the amorphous sp3 material). Then, they merely correspond to some
nanocomposite material containing different adjacent phases and this is often leading to dramatic
confusions between materials supposed to belong to the same category, whether being stress annealed or
not and presenting important material structures and property differences [27,111–113]. Diamond-like
carbon produced with non-optimized depositing equipment design and lower optimized depositing
process or which is resulting from the thermal annealing of crystalline diamond and from highly
stresses harder ta-C has been often considered as an amorphous diamond, although being merely less
hard, less homogeneous less smooth, less dense composite material with reduced optical properties
and reduced thermal stability (in comparison to the diamond and harder tetrahedral amorphous
carbon) [114–125].

To be observed that the temperature induced exodiffusion of hydrogen and other gaseous
species can induce tensile stress and cracks [27]. This effect can be amplified when a graphitic
material is transformed into a denser diamond-like material. These sorts of materials can be
obtained with other means than combined pressure/heat and thermal spikes [111–124]. In such
a case, contradicting effects have to be considered (either favorizing graphitization, or favorizing
diamond-like structures) and which can be in competition to each other [25]. Those are suggested as
explaining, for instance, why glassy carbon is not always showing graphenic properties, but can be
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harder and more diamond-like [132,133]. Similar effects have also to be considered for the growth of
carbon nano-fibers of irregular cylindrical structure [134–136] and which in contrast to CNT are filled
tubes containing also significant amounts of Csp3. For their accurate characterization, anticipating on
the next chapter IV, revision of different characterizing such as Raman spectroscopy and interpretation
appeared to be necessary and could helpfully be achieved [26].

3.3. CNT and Graphene

3.3.1. Definition and Technologic Trends

CNT corresponds to scrolled graphene sheets which are composed of juxtaposed hexagonal cyclic
sp2 hybridization carbon atoms [13]. Since discovery in 1991 [3,137], carbon nanotubes (CNTs) have
aroused a high amount of interest in their use as building blocks for many new applications based on
outstanding mechanical properties [12] and which can be combined with their other interesting chemical
and physical solid-state properties especially for various electrical, and opto-electronical devices and
future integrated circuits due to their outstanding electrical, mechanical, thermal, opto-electric and
solid-state combined surface properties [138,139].

Improved performances achieved with several of their specific properties, are well illustrated
with the development of carbon-based material field emissions beginning with a-C:H, improving
with doped diamond and ta-C and achieving much more performing results with CNT, which
are used for atomic force, scanning tunneling (STM) and magnetic force microscopy [140–145].
They could improve performances of catalytic nanomotors [146] and many new applications could
be developed after controlling synthesis conditions, size (diameter/length) and structure (chirality,
semi-conducting/metallic properties, single or multi-walled) [147,148]. However, many difficulties
appeared for industrial application owing to contamination, defect and various still often little
understood effects yet [63,64] (such as rippling, and phase transformation) for which we propose some
clarification next.

3.3.2. Early Fundamentals on Graphene and CNT

Solid-state quantum mechanical calculations could predict many electronic level and phonon
modes distribution for a well-defined carbon material bulk structure, which elementary optoelectronic
properties and Raman frequency could be determined especially for diamond, graphite and graphenic
materials [117,149–151]. However, more complex often not well understood Raman spectra have been
experimentally observed for thin film carbon materials containing different phases (carbon composite
materials), which have been mainly used as spectroscopic fingerprints of corresponding materials.
Those could be first used for the empiric observation of their structure modification and for which
refined aspects give more precise information [113,137–139].

Considering some quantum electronic confinement effects for nano particles, very fine
opto-electronic structure modifications are observed (Figure 1). This is especially the case for one and
two-dimensional materials, which will be very sensitive to physical adsorbtion and chemisorption and
to any bulk and surface structure modification [152–158].
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Figure 1. Scheme of optoelectronic band structure in single walled carbon nanotube by Bachilo et
al. [158] reproduced with permission of the Journal of Science.

They can be functionalized and will offer, for instance, selective IR optical response to
molecular adsorbtion [159,160], which can be used, for instance, for selective photosensitive intrinsic
polarimetry [161]. Additionally, improved electric conductivity can be obtained [162–164] with
incorporation of iodine or copper, for instance, and also providing possible conduction anisotropy of
expected interest for electric energy storage and antistatic encapsulating [165,166]. Very low resistivity
is achieved with the electron ballistic transport effect, similar to superconductivity [167,168] being
actually well understood in using revisited description of super-conductivity with electron/phonon
synchronic gating during which no electron/electron and electron/phonon scattering occur [29].

All these results will be also very sensitive to radiation damage [169] material contamination and
defect content [149–151,170–172] (whenever with questionable conclusions we will discuss in next
chapter) and which in addition, are also depending on specific material structure edge configuration
and possible thermally induced modification [153–155] (as discussed in more details in Sections 5
and 6). However, interpretation and characterizing anomalies could be identified with the refined
Raman theory [26], with which several observed contradicting aspects could be sorted out. Important
new aspects of carbon phase transformation could especially be identified [25] with competing opposite
effects that we believe can broadly explain the MEMS devices quality and performance distribution,
which need to be comprehensively mastered and we briefly review next.

4. Brief Review of Quantum Activated Atomic Rearrangement

4.1. Atomic Rearrangement during Synthesis of Carbon Materials

4.1.1. Graphitic Thermal Degradation and Diamond-Like Material Reforming

Graphite being the ground state of carbon, any carbon material can be degraded to more
graphitic material by thermal effects ruled by the Arrhenius law and with low energy thermal
activation. This effect is observed during longer thermal annealing of diamond, DLC, a-C:H and
glassy carbon [3,15,27,111–117,129–131,173] below their sublimation temperature (~3500 ◦K) [174]
(corresponding to ~0.3 eV electronic activation).

However, it is also known, that higher quantum electronic activation produced by different means
and especially with photonic activation which can strongly influence chemical synthesis [175]. This is
also the case during the formation of diamond and diamond-like material, which are not only formed
with temperature/pressure and ionic thermal spikes producing compressive stress [111,112,124] but also
with many other effects and without energetic ions (flame depositing, hot filament, high flux low ion
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energy, plasma jet, UV, X rays, electric neutralization energy, catalytic effects) [25–27,119,122,176–180]
and especially the chemical recombination energy release (CRER) of C–C (~7 eV) H2 (~5 eV) and N2

(~12 eV) [25,121,181], which are exciting electrons with relatively high energies (>1 eV up to more than
10 eV compared to thermal activation in the ~0.1 eV range) before producing phonons and heat, which
can produce a noticeable higher quantity of rearranged sp3 material structure.

With Figure 2 we reproduce the Raman spectra from an N+ ion irradiated glassy carbon, which is
transformed into a diamond like ta-C. To be observed that the annealing of CNx with a lower content of
dissociated N will not produce the sp3 rearrangement effect because of insufficient N2 CRER activation
events [182,183].

Updated Raman spectroscopy [26] shows that in many published thermal processing of
carbon-based material supposed to produce graphitic material, in fact, resulting materials are also
containing DLC, amorphous or nanocrystalline diamond [129–131,176,183,184] (what can be verified
with measured sp2/sp3 obtained with electron energy loss spectroscopy and other more accurate, easy
and fast XPS /Auger characterizing method, with which the measurement of the intensity of the Auger
peaks of an XPS spectrum corresponding to Csp2 and Csp3 does not need any hazardous peak fitting
assumptions and no deconvolution ) [27,120–123]. In such a case appearance of isolated diamond
crystallites can correspond to increased abrasive friction. The diamond like phase transformation
is also well documented, with a brief high temperature annealing of polymeric material that can be
transformed into a diamond-like glassy carbon [132,133], meanwhile a longer annealing at higher
temperature will produce a graphenic glassy carbon [133].

 

(i) Non-irradiated glassy carbon. Aliphatic Csp2 
cluster-Csp2 band (1620 cm 1). Aliphatic Csp2 cluster-
Csp3 (1470 cm 1). Disordered diamond side band (Dd) 
(1330 cm 1) besides the Aedge band (1350 cm 1).  
(ii) Ion irradiation dose 1015 (partial destruction of sp2 
clusters) C5/C7 peaks band (GC5(1500 cm 1).  
(iii) Irradiation dose >1016 transforms glassy carbon 
into ta-C with CNx inclusions (increased Dd amorphous 
diamond band) by ion neutralization and N2 
recombination energy release are able to activate sp3 
atomic rearrangements. Note: Existence of C5/C7 
bands produced by the high energy ion irradiation. 
(With revised nomenclature of Table 1) and tensile 
stress with exodiffusion of N2. 

Figure 2. Glassy carbon 25 KeV N+ ion irradiated with additional annotations from M. Iwaki et al. [182]
with permission of the journal of J. Mater. Res.

4.1.2. Surface Polarization and Diamond-Like Atomic Rearrangement

It has been evidenced that adsorbtion energy can be directly transferred to the valence band
electrons of the substrate, which after excitation are decaying with possible emission of corresponding
photons of the same energy [185]. Thus, the adsorption of atoms and molecules on semiconducting
material can produce electron/hole pairs and can produce a transient electric field (consequence of
different mobility of electrons and holes being activated by released adsorbtion energy and which are
then decaying [100]). In addition, it has been shown how an electric field transverse to a graphitic
carbon thin film can enhance its sp3 content [186].

Above some electric polarization threshold energy, the carbon material can be transformed in
a metastable material of higher density of cohesion energy. The hexagonal planar sp2 ring can be
transformed in a buckled hexagonal chair plane (Figure 3) [25] (Similar to Silicene obtained with Si
epitaxy on graphene [187], which is suggested to correspond to the caned structure of some carbon
nanowires with irregular diameter [188].
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Figure 3. Transformation of graphene into H6 diamond with electric field polarization perpendicular
to the graphene plane [25]. H6 diamond.: Stack of chair shape carbon hexagonal rings (sp3 bonded to
four others). Raman frequency at~1325 cm−1 according to McNamara et al. [116] and Spear et al. [189]
and Phelps et al. [190].

Most carbon material types have more or less a semiconducting electronic band structure and
metallic CNT are in fact semimetal materials with valence band and conduction band [27,134,149–151,191].
Therefore, atomic rearrangement in consequence of more energetic electronic activation and formation
of internal electric field with different decay time of activated electrons and holes (higher energy
quantum electronic activation) can appear in many solid-state systems.

4.1.3. Criterion of Quantum Electronic Sp3 Activation

During an atomic rearrangement (Figure 4), the activated electron must always occupy authorized
energy levels. Achievement of ordered atomic rearrangement can only happen with fulfilled
conditions [25,26]:

(1) Valence band electrons must be excited up to the conduction band of the initial and final state.
(2) More electrons must be activated than atoms to be rearranged.
(3) Atomic rearrangement can only be achieved with its local (proximity) activated electrons.
(4) The kinetic and density of activation events must be compatible with the decay and

diffusion kinetic.

Figure 4. Principle of quantum electronic activated atomic rearrangement by S. Neuville [25].

4.1.4. Ordered Atomic Rearrangement and Stress Modification

Stress reduction is a major concern, in so far that internal stress can strongly affect adhesion and
bulk diffusion [27]. Longer thermal annealing at a higher temperature produces graphitic degradation
and stress relaxation, meanwhile a shorter thermal treatment of DLC, can reduce the stress without
degrading the material as long as the limit of thermal stability has not been overpassed and the
activation energy is not higher than the phase transition barrier potential [25,27,111,133]. This thermal
stability depends on the structure of the carbon material (~900 ◦C) for polycrystalline diamond [117],
~600 ◦C/700 ◦C for hard ta-C [121–125] and less than 200 ◦C during the ta-C growth, considering that
the flux of energetic ions bombarding the growing film surface during an arc deposition generates
additional heating [111] and local transient higher temperature than on the substrate holder.

At a higher temperature than the thermal stability limit, the material will be degraded into more
graphitic material, unless a higher electronic activation is able to counterbalance the graphitization
process and which can then enhance the diamond-like character of the considered material. For instance,
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during hard UV irradiation [122,176] and with chemical recombination energy release (CRER) of H in
a growing diamond film [25,192,193] and during glassy carbon synthesis, when the thermal process
time did not exceed the time at which exo-diffusion of all hydrogen content has been achieved and the
material has not yet be fully degraded to a more graphitic material [132,133].

With the exodiffusion of recombined H2 (or other gaseous material), tensile stress can appear [27,130].
However, uniformly distributed sp3 atomic rearrangement is generally forming higher packing density
and stress relaxation, when no other effects such as thermal dilatation and/or ion peening is hampering
this stress reduction process. This is typically achieved with catalytic sp3 rearrangement [194,195].
Catalytic effects produced with boron atoms can reduce C–H binding energy and for which consequently
the H2 and C–C recombination energy release will be higher [25]. This explains why the added Boron
in a high temperature diamond deposition process (where thermal dilatation can compensate the
reduction of packing density) can produce better diamond quality in addition to the doping effect
providing better electric conductivity [3,114,125,195].

4.1.5. Examples of Diamond Like Atomic Rearrangement of Graphenic Material

Several other illustrative examples can be cited for the diamond-like atomic rearrangement:

CNx Annealing with Formation of Diamond Crystallites

During the annealing of some CNx materials where larger amounts of N2 CRER can exist, many
nano-diamond crystallites appear [181]. This is only achieved when many dissociated nitrogen
atoms exist, otherwise only few N2 recombination events will be produced and at a higher annealing
temperature the material will be degraded into some more graphitic material [183,184].

Graphene Transformation into a Dielectric Material

Adsorbed hydrogen on graphene has been reported to convert highly electric conducting graphene
into a dielectric buckled 2D planar graphane [196,197]. However, the existence of graphane is questioned
with different arguments. The so-called No-Go criteria of the Landau phase transition theory [198]
predicts that graphane cannot exist for thermodynamic reasons. This effect appears to be very important
to be accurately sorted out for many CNT/graphene NEMS applications.

On a graphene surface, C–H bonds are expected to be formed only on external graphene flake
edges or on internal edges of voids and vacancies where dangling bonds exist, considering that the
C–H bond energies (between 4 and 4.5 eV) is lower than the H2 binding energy (~5 eV) and much
lower than the graphene or diamond C–C bond energy (~7 eV). Whenever the existence and stability
of graphane was predicted by theoretic calculation [199], the question will be how this material can be
formed, considering the low adsorption energy of the H2 molecule on a graphene surface and the low
chemical reactivity of graphite and graphene for many chemical compounds (such as Cu etc.).

Considering the low adsorbtion energy on a defect free graphene surface, H2 molecules have a
high surface mobility, except on the graphene defects (vacancies, voids, Smith Wales defects –C5/C7
odd sp2 ring pairs [200] where adsorbed H2 can be transformed in local C–H). Considering that H can
easily recombine to H2 (~5 eV), the formation of alternating the C–H bond (~4.3 eV) on each graphene
flake face will be unlikely. However, with the high H2 recombination energy release graphene can
be transformed into a buckled H6 diamond (according to Figure 3) with enough available activation
events and in agreement with observed formation of Csp3 [197] and looking in more details to the
corresponding Raman spectra, with a Raman peak H6 structure at ~1325 cm−1 [199,200]. It can be
observed that high pressure H2 on a graphene surface, can hardly be dissociated except on defects
where dangling bonds exist, explaining why only local diamond structure can be expected [201].

Transformation of Graphene into H6 Diamond with N and O

Another demonstrative experiment suggests that graphane cannot exist. This is given when a
similar transformation of graphene into a dielectric material with other atoms than hydrogen, and also,
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which is observed with nitrogen and oxygen. Quantum electronic activation can be produced with
the N2 recombination energy release, similarly to what can be produced during some CNx annealing
as precedingly reported [181] with the formation of diamond crystallites. The phase transformation
can be enhanced in comparison to a similar experiment with H, because the N≡N recombination
is releasing higher energy (~12 eV) than the H2 recombination and because the C–N bond energy
(~3.16 eV) is weaker than C–H (~4 eV up to 4.5 eV) [25]. Binding energy differences of N2, C–C and
C–N also explain in contrast to the early quantum mechanical calculated prediction [202] why the
c-C3N4 formation is unlikely (because the C–C and N2 bond energy are much higher than C–N) and
why this virtual material cannot be harder than diamond considering the equivalence of hardness with
the density of cohesion energy [27].

However, graphenic G-C3N4 can be formed with the substitution N during a graphitization
process and with the assembling of CN radicals. A material which is thought to be suitable for
photo-catalytic H2 production from water [203]. However, we suggest that similar conditions can
be expected with the same optoelectronic gap with more stable material corresponding to doped
ta-C-like material, and also, which can combine the appropriate gap, electric conductivity and enough
thermal/chemical stability.

Oxygen Sensitivity of CNT Electric Conductivity

Strong sensitivity to the oxygen environment of CNT appears to be a major problem to be solved
for many NEMS applications [204]. Anticipating on the next Sections 4 and 5 and in making usage of
the revisited Raman spectroscopy, very demonstrative experiments with oxygen plasma etching of
multilayer graphene are showing how on nearly defect free graphene sheets (no Raman C5/C7 band
and no D peaks of any kinds) an important part of the graphene multilayer is transformed into an H6
diamond [205] and optoelectronic and electric conducting properties will be significantly modified.
For such case the CNT cylindrical geometry is preserved because diamond structure islands are only
formed on vacancies and around void edges.

4.2. Importance of Diamond-Like Phase Transformation on Carbon Material Properties

4.2.1. Phase Transformation and Internal Stress Formation

Rapid and strong phase transformation toward atomic denser packed material can induce tensile
stress before forming cracks, all the more this effect can be enhanced with the exodiffusion of lose bonded
gaseous material (H2 or N2 or CH4 as observed for instance with the synthesis of porous glassy carbon).
This is also observed during the annealing of some H-rich a-C:H or N-rich CNx materials [130,131,177]
when some denser packed material can be formed containing diamond crystallites and for which
higher friction can appear.

This sort of mechanism is suggested to explain how energetic UV will destroy graphene and
CNT when these materials are subject to phase transformation toward isotropic denser packed sp3
with formation of cracks [206]. An effect which is also concerning metallic alloys, which can become
brittle with cracks formation when incorporated hydrogen recombines to H2 and this effect is the
consequence of different structures with different atomic packing density (corresponding to different
oxidation states), which are also used in aeronautical and nuclear metallurgy [207].

4.2.2. Incidence on Carbon Film Nucleation

Vacuum film nucleation is generally produced with disordered randomly distributed condensation,
surface migration and cluster formation before being coalescent. If strong interlayer bonds are formed
on the substrate surface or on the growing material surface, then surface migration is hampered and
the structure of this first layer will be generally amorphous with reduced atomic packing density,
especially when the growing film material is subject to ion bombardment which is heating the growing
material and which will keep atomic disorder [208] except if the epitaxial order can be imposed and/or
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if the material can be activated towards better crystallinity. The first grown atomic layers is generally
graphitic either amorphous or recrystallized in the form of Csp2 clusters depending on the achieved
surface mobility of the condensing atoms on the substrate. This surface mobility can be very low in the
case of strong bond formation corresponding either to diamond materials (~7.02 eV) or to graphenic
materials (~7.03 eV).

However, nucleation of the diamond material appears where the chemical recombination energy
release (CRER) activation is sufficiently available, which can be produced in larger quantities with
different means: In the grooves of the substrate surface after scratching [25], which can be enhanced
when instead of SiC bonds, higher energy C–C bonds can be formed and all the more, when clean
contaminant free epitaxial conditions exist [111]. This is the case also, for heteroepitaxial conditions
when additional activation energy can be delivered. For instance, with the diamond growth on an
activated carbon pretreated crystalline molybdenum [119]. (This is no longer observed after decay of
the surface activation) [111].

Graphene can be formed on a substrate with high surface mobility of condensed carbon atoms,
which will have reduced adhesion on the substrate [13,172]. Meanwhile, single walled carbon nanotubes
can nucleate on some catalytic substrate, with which some activation (much lower than necessary to
produce diamond) will determine radius and chirality of the CNT [13,150].

Defects on the substrate, contamination and temperature can modify nucleation conditions
and the adhesion of the growing material. The formation of interface bonds with higher binding
energy on defect edges and causing electron excitation with released recombination energy, may
produce some phase modification towards denser material structure, stress and additional defect
formation [15,150–153]. Discontinuities, defects, vacancies and voids will be important to consider,
when on their edges strong interface bonds can be formed, contrary to chemically neutral defect free
graphenic surface.

4.2.3. Incidence on Carbon-Based NEMS Engineering

All precedingly mentioned effects concerning phase transformation, adhesion, heat and electric
conductivity, and also, which are depending on the type, size and number of defects are expected to
cause major problems in industrial implementations of NEMS [10,13–15,21–24,63,64,147,148]. They will
affect the life time and many opto-electronic and sensor functions, friction, wear, geometric tolerances,
adsorbtion and mechanical properties.

Therefore, the principle of these effects must be well understood and correctly characterized.
In all cited cases, it appears important to know and to master the types and number of defects and for
which many interpretations will have to be revisited with all newly discovered effects, which need to
be considered and to be correctly characterized, and what we discuss next.

5. Brief Review of Revisited Carbon Raman Spectroscopy

5.1. General Aspects of Carbon Raman Spectroscopy

The Raman spectroscopic assignment and interpretation still present in the literature of many
confusing and contradicting aspects need to be sorted out. Carbon materials are often more composite
than originally assumed and for which persisting grave lacks on Raman fundamentals must be cured.
A distinction must be made between the D diamond that peak normally at ~1330 cm−1 and the so-called
D-disorder peak which is normally at ~1350 cm−1 when no stress-shift applies. It must be determined
which stress is to be considered and to which substructure the observed Raman band corresponds
(Figure 5) [208,209].
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(a) (b) 

Figure 5. Raman spectra of stress shifted amorphous carbon graphitic carbon, ta-C and degraded
ta-C (DLC) with no Csp2 clusters (no G sharp peak). Band max corresponding to (overlapping bands
neighbor to the G peak at nominal 1580 cm−1). (a) Tensile stress ~30 cm−1 downshifted spectrum of
amorphous graphite by Rouzaud et al. [208] by permission of the journal of Thin Solid Films. Additional
dangling Csp2-Csp2 and C5/C7 bands. (b) Compressive stress ~80 cm−1 upshifted spectra of ta-C
thermally degraded to less hard ta-C with reduction of stress. By Anders et al. [209] by permission of
the Journal of Thin Solid Films.

The analysis of the Raman spectra contrary to popular belief [210,211], cannot be limited to
the sole measurement of the peak intensity and width of the respective so-called D and G bands
[27,111–117,147–151,170,171,210,211], except when the material is either polycrystalline graphite [212]
or diamond-like pure [113,173] (containing only sp3). This is well shown with Raman spectra, which
have been recorded during a diamond annealing process, with which different peaks and bands appear,
corresponding each of them to some specific substructure (Figure 6) [117]. Contrary to the elder
persisting popular belief the sp2/sp3 ratio and the diamondlike character of carbon will generally not
be able to be deducted from the ID/IG ratio [27].

Figure 6. Diamond degradation with temperature by L. Fayette et al. [117] with permission of the
Journal of Physical Review B. The D diamond peak decreases meanwhile Csp3-Csp2, G and G A edge
peak are growing.

15



Micromachines 2019, 10, 539

5.2. Carbon Structures to Be Considered with Raman Spectroscopy

5.2.1. Comparison of Raman Spectra from Different Carbon Materials

Different Raman peaks corresponding to different carbon material structures have been calculated with
theory [189,190] and in agreement with experimental results from: (a) Micro-crystalline and amorphous
diamond [116,173], (b) degraded variants and diamond-like carbon containing different kinds of
subdomains [111,115,117,125,181]: Amorphous sp2/sp3 mixture, and amorphous/nanocrystalline
sp3 parts) [130,173,209,210] (d) deformed sp2 clusters, graphene planes and graphenic fibers and
tubes [134,150,151], (e) glassy carbon (porous mix of fullerenic GLC, graphenic material, diamond-like
material and H6 hexagonal diamond) [111–113,132,133] and for which persisting confusion in literature
needs to be sorted out.

The Raman spectra of carbon materials that are supposed to be different, can show a paradoxical
similitude for instance between the ta-C and amorphous graphite (Figure 5) or between the
micro-diamond [115] and glassy carbon [132,133] (as shown in Figure 7). However, the stress
shift must be considered in order to correctly assign the considered peak (or band). In Figure 6, the
band maximum will not correspond to a shifted G band (which is normally at ~1580 cm−1), but to a
band which normally would be observed at ~1500 cm−1 and which corresponds to a Csp3cluster-Csp2
band [25].

The D band designation had been extrapolated from the Raman peak of the single crystal diamond
with a similar frequency (whenever different) and which contrary to elder belief is not always giving
account for the sp3 concentration [26]. Proportionality to the sp3 concentration is only given when
the carbon material is corresponding to totally mono- or poly-crystalline and to amorphous diamond
materials [113,124,126,173]. For GLC (graphite like carbon) IG/ID has been shown (by Tuinstra and
Koenig) to be proportional to the graphite crystallite size and surface/volume ratio [213] and which
can be corroborated by the optoelectronic gap dependence on number of adjacent hexagonal cyclic sp2
rings [214].

   
 

(a) (b) (c) (d) 

Figure 7. Comparison of Raman spectra of carbon materials that are supposed to be very different.
(a) Glassy carbon (25 cm−1 stress up-shift) by Badzian et al. [132] with permission of Les Editions de
la Physique. Glassy Carbon (GC) is not always graphitic. In the present case, ordered Diamond H6-
(sharp up-shifted peak at ~1350 cm−1). Upshifted G peak (~1610 cm−1). Upshifted Ddisorder (GeA)
(1370 cm−1) and G + GeA (2945 cm−1). Note similitude with b. (b) Diamond crystals imbedded in
graphenic matrix by McNamara et al. [116] with permission of the Journal of Diamond and Related
Materials. G peak, D diamond broad peak superimposed on GeA band (so-called D disorder band),
(c) Superimposed D diamond peak with D diamond band and GeA band by Mc Namara et al. [116]
showing existence of DG band (~1450 cm−1) and DD band (~1140 cm−1) with permission of the Journal
of Diamond and Related Materials.. (Necessity of differentiating the D designation. (d) Comparison of
(A) ordered diamond (B) disordered diamond (C) amorphous diamond broader peak (B) and (C) with
stress shift by P.H. Huong et al. [173] with permission of the Journal of Diamond and Related Materials.
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5.2.2. Raman Stress Shift and Atomic Disorder Band Broadening

It was generally admitted that a Raman D peak in graphenic materials containing no sp3 sites
would correspond to the atomic disorder [112,170,208–210] and an assignment which can be questioned
in taking into account following considerations

The disordered material has distributed an interatomic distance explaining the Raman peak
broadening [26], considering interatomic energy potential U = αx6 and binding force Bf = 2αx4 and
internal stress (which affects the interatomic energy potential) [215,216] it can be deducted:

δω/ω0 = η. δx/x0 (η a proportionality factor, ω the Raman frequency and δx the interatomic
distortion to the ordered material interatomic distance x0 and with δω/ω0 = 6(1 − ν)/E0 (ν Poisson
coefficient, E0 the mean elastic and 6 the stress). Therefore:

(a) Sharp Raman peak corresponds always to an ordered structure.
(b) Atomic disorder corresponds to peak broadening
(c) Raman shift is proportional to internal stress.

This suggests incoherent and confusing designation between the so-called D diamond and
so-called “Ddisorder” band which appears necessary to be sorted out. It must first be taken into
account that the stress shift of Raman frequencies is of greatest importance to be considered in order to
avoid possible confusion between neighbor carbon Raman peaks.

A Raman peak/band might be erroneously assigned when the relevant local stress shift has been
ignored. Additionally, awareness of possible atomic rearrangement may help to sort them out.

The relation between some so-called D and D’ disorder peaks and atomic disorder in a graphene
plane has been proposed with a study on defect formation in a graphene plane [170] (Figure 8).

However, such a disorder is only appearing for larger ion doses for which the graphene material
is amorphized and hexagonal cyclic rings specific to graphene will be almost destroyed, meanwhile is
to be emphasized that the appearing sharp so-called “D disorder” peaks correspond to well defined
frequencies and which can only be associated to well-ordered material structure. Therefore, suggesting
that this “D disorder” peak is associated to void formation with Ar ion impact, which has perforated
the graphene sheet and void internal edges have been formed.

Raman shift in cm 1 

Figure 8. Relation between graphene void defects produced by Ar ion bombardment and so-called
D disorder carbon Raman peak. By M.S. Dresselhaus et al. [170] with permission of Phil. Trans. R.
Soc. A. (a) With Ion dose >1015 destruction of hexagonal ring. Disorder band broadening, with ~30
cm−1 stress shift. The broad “G” band corresponds to the upshifted band of C5/C7 odd rings. (b) D’
peak suggested to be assigned to dangling Csp2-Csp2 formed on internal void edges. (c) For ion dose
1011 the G peak is stress upshifted, without disorder band broadening, suggesting few incorporated
vacancies. (d) Pristine graphene is an ordered structure (one sharp G peak).
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5.2.3. Raman Peak Designation and Atomic Disorder

With the temperature annealing of some polycrystalline diamond film showing a single intense
D diamond peak, a polycrystalline graphite structure appears with several peaks corresponding to
specific subdomain structures for intermediate states of the graphitic degrading process [117].

Sp2 clusters and graphite crystallites are growing in number and size, meanwhile the diamond
polycrystalline structure is reduced.

Csp3-Csp3 and Csp3-Csp2 dangling bonds appear on diamond crystallite edges and boundaries
corresponding to the transition to graphitic clusters and graphite crystallites. Thus, also, Csp2-Csp3 and
Csp2-Csp2 dangling bonds will appear on graphitic particle edges and boundaries (Figure 6) [25,117,210].
The D peak is growing, although the material is becoming graphitic and the sp3 content is decreasing,
and the higher content of sp2 and graphenic particles have appeared. Obviously, this growing “D”
peak is different from the D diamond peak and used to be called the “D disorder” peak, although no
disorder peak broadening is to be considered.

With thermal annealing of some particular CNx and a-C:H [130,181] (Figure 9) for which graphite
recrystallization would have been expected, it can be observed as a similar spectra than for the
polycrystalline diamond [115,116] (Figure 7) (with a G peak for sp2 clusters inclusions) and similar,
as well to some glassy carbon [132]. Here, a D peak/band (~1325 cm−1) is superimposed on a D
disordered/amorphous diamond band and on a broader “Ddisorder” side-band, before being converted
into graphite (carbon ground state) [113,130,211]. With a 500 ◦C longer annealing (1 h range) any stress
is reduced and all observed Raman peak frequencies correspond to their nominal assignment.

 
Figure 9. Annealing of H rich a-C:H. As grown, a-C:H ~70 cm−1 tensile down shift owing to H2

exodiffusion. With annealing, stress is reduced and Csp2 clusters grow (G peak) A GeA band (Csp2
cluster edge) appears beside a growing diamond peak (~1325 cm−1) (an H6 diamond). By Wagner
et al. [130] with permission of Les Editions de la Physique.

5.3. Revision Necessity of Common Raman Scattering Description

Raman spectroscopy is widely used for graphenic material characterizing [217]. No so-called
“D disorder” band is observed for the bulk of large graphite particles [117,212], in contrast to graphite
dust [212] suggesting that the so-called “D disorder” peak corresponds to some edge effect.

This is clearly evidenced with the high-resolution micro-Raman [154,155] (Figure 10) showing
that the phonon vibration mode of the so-called Raman “D disorder” peak (~1350 cm−1) has a specific
locality on the A edge, meanwhile this Raman peak does not appear on the ZZ edges. For some kinds
of defect free bulk graphene, no D peak exist [170,218,219] meanwhile an intense 2D peak can be
observed (Figure 11), depending on how the graphene was elaborated (many different elaboration
processes exist today) [13,220,221].
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(A)                            (B) 

Figure 10. Micro-Raman showing locality on graphene A edges of the so-called D disorder Raman
band. (A) Micro-Raman of graphene by Y.M. You et al. [154] with permission of Applied Physics
Letters, Image of: (a) G peak, (b) “D disorder” peak (GeA peak) only on the A edge (c) GeA peak
with vertical laser polarization. No D’ peak and C5/C7 band (no disorder). (d) Raman spectra on bulk.
(e) Raman intensity geometric distribution of D signal (B) Micro Raman spectra showing graphene ZZ
edge transformation into the Aedge with thermal annealing at ~300 ◦C adapted from Y.N. Xu [155] with
permission of the ACS Nano. No C5/C7 band at ~1500/1530 cm−1. Pristine non-annealed graphene
shows tensile downshift of ~20 cm−1 indicating that it was prepared by CVD. Stress disappears with
annealing temperature at ~300 ◦C. (a) graphene edge location, (b) Image of G peak on bulk, (c) Image
of D peak only on A edge after annealing, (d) Image of D peak on pristine graphene flake.

  
(a) (b) (c) 

Figure 11. Raman spectroscopy of different quality of graphene. (a) High temperature longer time
annealed graphene by Watanabe et al. [218] with permission of Diamond and Related Materials.
No GeA peak (so-called “D disorder”). (b) Annealed graphene by J. Campos Delgado [172] with
permission of Chemical Physics Letters suggesting many defects left, even after annealing. (c) Raman
spectra by A. Reina et al. [219] with permission of Nano letters, showing no D disorder peak (GeA),
sharp 2D and G on 1 L/2 L indicating reduced disorder for the exfoliated graphene and some disorder
for the CVD graphene with broader G and G’ (2D) sheet without C5/C7 ring formation.

The Raman analysis and scheme of cut graphene (Figure 12) [222] can bring clarification on the
corresponding structure of the so-called D’disorder band, considering that the Raman frequency for
Csp2-Csp2 dangling bonds is the same than that for their IR stretching mode at ~1620 cm−1 and that
such dangling bonds are likely existing after a graphene plane cut and noticing that the cutting process
can involve compressive stress in the resulting edge structure [223].

However, in order to know more accurately the carbon structure of the material it is necessary to
know to which structure the D peak corresponds and to consider the different types of subsystems
including Csp3-Csp2 (~1520 cm−1 and ~1470 cm−1) [26,117,182], Diamond edge Csp3-Csp3 bonds
( often designated T band) ~1100 cm−1, H6 sp3 hexagonal Diamond ~1325 cm−1, D crystalline
diamond/D amorphous diamond band ~1330 cm−1 [26,113,173]. Edge dangling bonds Csp2-Csp2
(so-called D’ peak) ~1620 cm−1) [170,222,223] (same IR and Raman frequency), C5/C7 odd rings
~1520/1550 cm−1 [224] (Table 1). For this achievement some revised aspects of the carbon Raman
spectroscopy fundamentals are suggested to bring clarification and we recall next.
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(a) (b) (c) 

Figure 12. Graphene edge analysis of cut graphene plane and scheme of edge modification. (a) Raman
spectra of cut graphene by Cançado et al. [222] by permission of the Physics Review Letters.
D (1333 cm−1), D disorder peaks: GeA (~1350 cm−1) and D’ disorder Csp2-Csp2 (~1620 cm−1) are
shown. Sharp G peak means that no disorder exists on hexagonal sp2 rings. (b) Our proposed scheme
of graphene cut edge with the formation of sp3, single and double dangling Csp2-Csp2 corresponding
to D diam, D’ and 2D’ peaks. (c) Our proposed scheme of voids formation associated to the thermally
induced ZZ edge transformation into the A edge with internal ZZ and A edges on formed voids.

5.4. Refined Carbon Raman Spectroscopy

The classical Raman theory [225] has been refined with quantum mechanical aspects involving
phonon modes distribution (Figure 13) and photon/electron/phonon scattering represented in the
reciprocal space [150,151,226,227]. The Raman frequency corresponding to the homogeneous and
ordered bulk structure could be satisfactorily calculated for diamond [189,190] and graphene [150,151].
However, this is not the case for the so-called “Ddisorder” peak as shown precedingly. It must be
emphasized that among the different conditions which must be fulfilled, a Raman effect can only exist
when the momentum and energy conservation laws are fulfilled [228]. The so-called “Ddisorder”
peak was assigned to phonon backscattering on defects with the double resonance Raman effect. It is
represented in the reciprocal space with the so-called “extra-valley” transitions between the Brilloin
zones [150,151,170,226].

 
(a) (b) 

Figure 13. Phonon dispersion curves in graphene by Lazzari et al. [227] with permission of Physical
Review B. (a) At 1350 cm−1 (the frequency of so-called Raman D “disorder” peak) two coupled
phonon vibration modes corresponding to K and M modes and only the K mode is Raman active.
(b) Representation of K and M coupled vibration mode for a hexagonal sp2 ring with perpendicular
wave vectors. K mode corresponds to the vibration of A edge meanwhile the M mode is the vibration
mode of the ZZ edge. iTO in-plane transverse optical mode, oTO out of plane transverse optical mode,
LO Longitudinal optical mode, LA longitudinal acoustical mode, iTA in-plane acoustical mode, oTO
out of plane acoustical mode
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Table 1. Raman nomenclature for carbon material characterizing.

Raman (cm−1)
(Nominal)

Peak/Band
Type of Structure

(Non-Stressed Structure)
Type of Bonds Energy in eV

~1330
~1325

~1200/1400

D peak
DH6 peak
Dd band

Ordered Diamond cubic
Ordered hexagonal diamond
Amorphous diamond, ta-C

Csp3-Csp3 ~7.02
~7.015 eV

Overlapping with DD band

~1150
~1470

DD
DG

Edges of Diamond crystallites.
Diamond and sp2 edges

Aliphatic Csp3–Csp3
Aliphatic Csp3–Csp2

~1580

~1560/1620

G peak

G band

In plane double degenerated
Γ phonon mode stationary
vibration of sp2 cyclic ring

Atomic disorder broadening

Csp2-Csp2 ~7.03 eV
collective bond vibration

Superposition GG, DG, GC5/C7

~1620

~1510

GG

GD

Csp2-Csp2 clusters edge
in a-C and DLC

Csp3-Csp2 cluster

Csp2-Csp2 ~7.03 eV
collective bond vibration

~1490
~1540

GC5
GC7

C5 ring
C7 ring

Fullerene C5 (~1550 cm−1)
(upshift by plane curvature)

~1350

~1300/1400

GeA

GeA band

A edge 0◦ CDR scattering
Voids internal A edges

1st, 2d order disorder on edge
Broadening by edge disorder

Free edges: not active with ⊥
vertical polarized laser light
Bonded edges: all laser light

polarization

~2690 G2P
2 phonon CDR scattering
Any polarized laser light

In plane 2K and 2M
Preferential in-plane polarization

~150

~1600
~1560

RBM

G+
G−

Breathing mode of CNT
(radius dependent)

CNT in plane Longitudinal
CNT in plane Transversal

Collective phasic stretching

Distorted Csp2-Csp2 by
sp2 plane curvature of CNT

However, the usual quantum mechanical Raman theory [150] presents some flaws [229] in
agreement with the point that the quantum mechanical theory generally neglects the locality of energy
states and that the law of energy conservation is not always respected [26,98]. We state that the
description of the double resonance back scattering on defects and edges and which is supposed to
give account for the so-called “Ddisorder” peak (at ~1350 cm−1) does not fulfill the energy conservation
law [26] (only the momentum conservation). Further on, the usual quantum mechanical description of
the Raman effect is not considering the locality of the involved phonons. Therefore, the interference of
the phonon being backscattered on a defect with the incident one (resulting into a stationary vibration
modes) and the eventual coupling between phonon modes have not been considered either.

Considering that a wave vector in the reciprocal space corresponds to a wave propagation direction
in the real space, we could refine this graphene Raman model with interferences of involved phonon
modes and in taking into account the coupling between activated electrons and corresponding holes
(the so-called Kohn effect) [230] and their different decay times in correspondence to each sort of
scattering time [26]. The modified double resonance Raman effect corresponding to the backscattered
phonon on edges and defects (we call “Coupled Double Resonance” CDR) can only exist when the
backscattered phonon has the same direction with the original incident one (0◦ angle backscattering).
Otherwise, the law of impulse conservation cannot be fulfilled. To be noted, that the erroneously
so-called “D disorder” Raman peak (~1350 cm−1) in graphenic structures was also assigned for the
breathing mode of a hexagonal sp2 ring [112]. However, this mode will be evidently quenched with
higher number of adjacent rings [25].

Considering that this CDR Raman peak (~1350 cm−1) corresponds to an A-edge vibration mode
as shown with micro-Raman [154,155] (Figure 10) and only to be considered on graphite hexagonal
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cyclic ring edges we have proposed the GeA designation for it (Table 1). It is here to be emphasized
that the K mode vibration mode (of the A edges) is coupled to the M vibration mode (of ZZ edges).

The above described CDR model explains why the corresponding Raman effect is only appearing
on the symmetric A edge on which a 0◦ angle backscattering is possible (Figure 14).

     
(a) (b) 

Figure 14. Phonon backscattering and Raman conditions at 1350 cm−1. (a) CDR Raman scattering
conditions are fulfilled on a symmetric A-edge and for which in-plane K phonon at ~1350 cm−1 is
perpendicular to A-edge. No CDR Raman scattering on asymmetric graphene A edge of respective
K’, K” orientation. (b) No 0◦ angle backscattering on the ZZ edge for K and M phonon at ~1350 cm−1

where edge Csp2-Csp2 bonds are not symmetric to the K orientation. M phonon can be split in other
phonon of lower energy and therefore, no CDR Raman at 1350 cm−1 can exist on ZZ edge.

This statement appears to be in agreement with the point that no equivalent Raman peak is
observed either with non-symmetric A edges of the h-BN structure for instance [26,231]. This model will
also explain why this so-called D “disorder” peak is only appearing on the smaller dust polycrystalline
graphite particles and not for the defect free polycrystalline graphite bulk. This is suggested to be
explained with signal/noise sensitivity and enhanced surface/volume distribution of relevant edge and
bulk signals [26,212]. With this revised approach, different kinds of defect in graphenic materials can
be characterized more accurately.

6. Defect Characterizing with Raman Spectroscopy

6.1. Phonon K Mode and M Mode Wave Scattering

From the phonon dispersion curves of graphene [150,151,226,227] (Figure 13) (corresponding also
to some extent to sp2 clusters in DLC and to CNT, whenever related larger number of dispersion
curves exists here [150], and considering coupled graphene sheet in-plane and out-of-plane vibration
modes, it can be deducted that the G peak of graphite and graphenic material is only corresponding to
the stationary vibrating mode specific to hexagonal cyclic rings (Γ mode) compatible with the vibration
modes of adjacent material structures [26].

In the amorphous graphite (GAC) [208,228], no hexagonal cyclic ring clusters have been formed.
Therefore, its broad so-called G band of the GAC material [208,228] cannot include the G peak
corresponding to sp2 hexagonal cyclic ring clusters. It is the result of superimposed neighbor Raman
peaks being broadened to a band by the atomic disorder.

This is likely the case for C5/C7 bands at ~1500 cm−1 (which is normally at ~1520/1530 cm−1)
and for the adjacent band corresponding to Csp2-Csp2 dangling bonds of sp2 clusters at ~1590 cm−1

(which is normally at ~1620 cm−1) [26,223].
On such a Raman band, a stress shifted band corresponding to Csp2-Csp3 dangling bond of a

Csp3 cluster is also observed at ~1430cm−1 (which is normally~1470 cm−1). A stress shifted band
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corresponding to a Csp3-Csp2 dangling bond of a Csp2cluster structure which would have been
expected at ~1520 cm−1 (which is normally ~1550 cm−1) is unlike if no hexagonal cyclic ring can be
considered, and when no G peak specific to them is observed.

For the so-called “Ddisorder” Raman peak frequency at ~1350 cm−1 two coupled vibration modes
are identified on the phonon dispersion curves (Figure 13). The K mode (transverse to A-edge) and the
M mode (diagonal direction in a hexagonal cyclic ring) (Figure 13b). However, according to theoretic
predictions [150,151] only the K mode is subject to some Raman effect and can give account for the
“Ddisorder” Raman signal with a double resonance backscattering, meanwhile the M mode will not
(Figure 14). This explains why the so-called “Ddisorder” peak is not observed on the ZZ edges in
agreement with the preceding discussion [154,155] (Figure 10).

An effect which is also confirmed with the Raman spectroscopy of the h-BN material for which
no equivalent peak to the carbon D “disorder” peak exists [231], in contrast to the possible existence
of an intense so-called 2D peak (2GeA) which is observed in some graphene Raman spectra which
paradoxically are not showing any so-called D disorder peak (GeA) [218,219].

The addition of two M modes (complementary M’, M”) can form a new vibration mode with
double frequency and the same direction than the K mode and for which a double resonance 0◦ angle
backscattering can fulfill the impulse and energy conservation laws (thus, subject to a Raman effect).

The same is to be considered with the addition of two complementary K’ and K” modes, which
can form a new vibration mode of double frequency with a wave vector perpendicular to an A edge
and corresponding to a so-called 2D Raman peak (2GeA).

Therefore, the observed 2D peak can result from the addition of some vibration modes, in which
each of them separately considered cannot produce a so-called D disorder Raman peak (A edge K
mode). Thus, explaining the possible much higher intensity of the so-called 2D peak compared to the
so-called “D disorder” peak [218,219] (Figure 11) and considering that the overtones of the so-called D
disorder peak used to be weaker than the basic corresponding vibration mode.

6.2. Defect Types to Be Considered for NEMS Engineering

Independent from those associated to doping (such as B and N) and contamination (such as H,
O and N) and completing some description of defects in graphenic materials (multilayer stacking
anomalies), several sorts of “intrinsic” defects have been identified which can appear in the form of
network discontinuities in the graphenic bulk and on their external edges (Figures 12 and 15) and
which have significant consequences on NEMS properties [21–23,150,151,169].

- Vacancies and voids with different “internal” edges. Single vacancy has only ZZ edges and can
be identified with “2D” (2GeA) Raman peaks when no “Ddisorder” (GeA) peak is observed or
when the “2D” peak is more intense than the “D disorder” (GeA) peak [171] (Figure 11).

- Interstitials which can be rearranged during annealing in forming odd ring C5/C7 ring (SW
defects) [151,200] with possible additional vacancy formation (Figures 10b and 12c) [26].

- Edge discontinuities resulting for instance from graphene plane cut [222] can produce on the
cutting edge single and double aliphatic Csp2-Csp2 edge dangling bonds at ~1620 cm−1 and
3240 cm−1) and which are corresponding to so-called D’disorder peak (Figure 12a). Those can
evidently modify chemical reactions and material rearrangement on graphenic external edges.

- Graphene rippling has a focused high interest strongly affecting their mechanical and
optoelectronic properties and their electric and heat conduction [232–234].

On a single vacancy of graphenic material, no internal A edge is formed and only internal ZZ
edges exist. This suggests that the single vacancy will not produce any GeA Raman peak, contrary to
larger voids which have both internal A and ZZ edges. In order to reduce the confusion between the D
diamond and so-called “D disorder” peaks and very high impact on carbon-based MEMS and NEMS
quality and performances (opto-electronical, electric and thermal conductivity properties and density
of cohesion energy), we have suggested to modify the designation nomenclature with Table 1 [26].
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(a) (b) 

Figure 15. Defect in graphene bulk (vacancies and voids). (a) Phonon backscattering on external
and internal A edges and ZZ edges in a metallic graphene. No Raman double resonance is possible
on the internal edges of vacancies (ZZ edges) in contrast to voids where symmetric A edges exist.
(b) Formation of C5/C7 odd rings and some internal A edges on vacancies of chiral graphene in
consequence of chiral distortion. The reduced A edge asymmetry allows local Raman double resonance
(in consequence of Heisenberg incertitude criteria).

Considering edge dangling electrons, easy chemical reactions with recombination energy release
can be considered. Atomic and molecular species can be chemisorbed on vacancies (via their internal
edges) and with which some new electronic band configuration can be obtained and which can
determine some specific graphene functionalizing [10,11,21–23].

However, those can also produce sp3 atomic rearrangement in the surroundings of the vacancy/void
if the released energy is able to produce sufficient electron activation. In such a case a dielectric material
can be formed which will strongly affect the originally expected high electric conductivity.

6.3. Local Atomic H6 Diamond Rearrangement

In addition to thermal transformation of the ZZ edge into more stable A edge [155] with the
formation of additional vacancies (Figure 12c) [26], local diamond atomic rearrangement of graphenic
materials can be produced with quantum electronic activation of higher energy, and with which
graphene can be locally transformed into a dielectric H6 diamond structure [233] (Non shifted Raman
peak at nominal ~1325 cm−1) corresponding to a buckled hexagonal structure containing only sp3
(Figure 3).

We suggest these being at the origin of the graphene rippling and which is much affecting the
electric conductivity of graphene [234] and the mechanical properties of graphenic material. This is
suggested to explain the higher stiffness of nano poly-crystal diamond, where the crystallite boundary
material is containing graphenic materials which have been partially transformed in sp3 substructures
and the whole diamond material is interlinked by more isotropic diamond material [235].

Refined lecture of produced Raman spectra is clearly showing that an H6 diamond structure has
been formed (~1328 cm−1), meanwhile the G peak appears at ~1580 cm−1 (no longer compressive
stress). Considering the reduction of graphene oxide, a process during which some O-X molecules
are formed with corresponding higher energy release (X =H, O, etc.) [236] are able to produce some
diamond like quantum electronic activation (Figure 16). This is also well shown with other experiments
especially after oxygen etching of multilayer graphene [205] (Figure 17) and [237] (Figure 18) and with
the modification of the sp2/sp3 content which can be evaluated from the plasmon spectra, and more
easily with the sp2 and sp3 carbon AUGER peaks of XPS spectra [25].

24



Micromachines 2019, 10, 539

  

Graphene oxide before and after reduction with N2H4. The image of the 
material after reduction of the oxide shows juxtaposition of Diamond and 
Graphene. The Raman spectra show stress upshifted diamond structure H6 
(~1330 cm 1, Diamond (~1335 cm 1), Csp2cluster-Csp3 (1580 cm 1), G (~1590 
cm 1) and associated GeA edge (~1360 cm 1). 

Figure 16. Graphene rippling and local H6 structure formation. Note: Reduced GeA edge after
reduction and increase of H6 diamond by C. Gómez-Navarro et al. [236] with permission of the New
Journal of Physics.

 

Refined Raman lecture shows that after etching the so-called D disorder (GeA) peak, is in fact a diamond H6 peak 
produced by neutralized/recombined adsorbed oxygen ions and atoms on a graphene flake surface inducing 
quantum electron activated sp3 structure atomic rearrangement [25]. The 20 cm 1 compressive stress Raman upshift 
on ground electrode after etching is caused by ion peening (higher ion energy on ground electrode indicates that 
powered electrode is larger than the ground electrode Note significant reduction of 2D peak suggesting 
transformation of a part of the internal ZZ edges into a diamond like structure. 

Figure 17. Raman spectroscopic results of oxygen plasma etched graphene by Al-Mumen et al. [205]
with permission of Nano-Micro Lett.
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After 12 plasma flashes, a compressive stress upshift 
appears on the G peak which intensity is strongly 
reduced suggesting the transformation of the graphene 
into a diamond material. The so-called D peak is mainly 
an upshifted H6 diamond peak, beside a weak GeA band 
and a much reduced 2D (void defect) peak. The D’ peak 
(dangling Csp2-Csp2) indicates that internal edges of 
voids are destroyed 

Figure 18. Example of revised interpretation of Raman spectra of oxygen plasma etched graphene by
Childres et al. [237] with permission of the New Journal of Physics.

In addition to defects which can affect the properties of graphenic material, the selective CNT
adsorbtion efficiency (depending on adsorbtion energy) for molecular compounds of different shape
must be considered, and which also depends on the CNT chirality and which are influencing the
optoelectronic and mechanical properties and the volume and density of the formed CNT/adsorbate
system. Recent high interest has been focused on the way to select the different types of SWCNT [238].
They can be separated with some selective buoyancy effects described elsewhere [239] and which
appears of great importance for CNT based synthesis of complex helicoidal structures [11,81,82]. It is
suggested to be at the origin of Precambrian abiotic synthesis of early NRA life molecules [240].

7. Application Developments

7.1. Role of Interface Structure on Composite Material Properties

7.1.1. Anchoring and Adhesion of Graphenic Materials with Counter-Facing Materials

Graphenic materials have been first used for more performing load-bearing applications [64,65,241].
CNT powders are mixed with metal alloys, polymers or precursor resins to increase stiffness, strength
and toughness and also heat and electric conducting properties. For instance, bulk graphene (reduced
graphene oxide)-reinforced Al matrix composites with significantly improved mechanical properties
in comparison to Al based alloys, and which is reducing cost, brittleness and cracks formation [242].
MWNT-polymer composites reach conductivities as high as 10,000 s m−1 at 10 wt % loading and is used
for electrostatic assisted painting and which is thought to be used for anti-icing (with heat generated
by electric resistivity) and microwave absorption [243,244].

However, these enhancements depend on nano particle size and shape, aspect ratio, alignment,
dispersion and interfacial interaction. The last aspect will strongly depend on which type of chemical
bonds can be formed on the internal edges of vacancies and void and on external edges of graphenic
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particles considering the discontinuities of the added graphenic material and on their number, size and
density/unit area of vacancies and voids [200] and which need to be fully characterized.

7.1.2. Modification of Intrinsic Mechanical, Electric and Optoelectronic Properties

Graphenic particle properties can be functionalized for specific and improved characteristics
corresponding to more or less combined intrinsic mechanical, electric, optoelectrical bulk and surface
adsorbtion properties and reactivity. This is to be achieved upon which kind of doping and which
sorts of adjacent materials is in contact with the graphenic particle and which can affect the energy
distribution of their optoelectronic band structure [101,102,144,158,162,195].

For instance, a graphene coating makes carbon aerogel composite particular elastic and resistant to
fatigue [245]. Mechanical properties of high-aspect-ratio CNT can be tailored upon added silicon carbide
coating [246], better performing transparent conducting electrodes can be achieved with transparent
CNT sheet [243,244] and in using graphene silica composite [247]. Electric conductance could be
strongly increased with added iodine and especially with copper doping [162–164]. Noteworthy the
achievement of very high frequency nano transistors in making use of very low resistivity and ballistic
electron transport condition in graphene sheets [167,168]. This, in analogy to superconductivity
and which can be comprehensively described with a new model which consider the synchronic
electron-phonon gating effect and the reduced fermi surface atomic rugosity and the reduced amplitude
of transverse phonon in a graphene plane [29].

Transparent electric conducting mechanical and chemical resistant epoxy could be produced
with magnetic molecule functionalized CNT [165]. More performing anode [166] and optimization
of MWCNT/LIFePO4 cathodes have been achieved for Li-Ion battery [248]. Those are expected to be
further improved with better compromise between electron conductivity and proton diffusion barrier
properties [28]. 3D macroscopic carbon material scaffold with combined electro-mechanical properties
could be developed [249]. Making use of combined piezo-electric properties, electro-mechanical
resonator [249] and improved micro-loudspeaker could be produced [250,251]. Arrays of vertically
aligned helicoidal CNT could be produced for better mechanical deformation for high frequency
electric contact [252], Superelastic CNT aerogel muscles for bio-application [253].

However, these enhanced properties are strongly dependent on defect type, size and number and
which must be characterized in order to be able to achieve some desired compromise between higher
solid-state properties and precedingly described anchoring effect which is influencing the adhesion,
the mechanical and chemical stability and other interfacial electronic effects. Notwithstanding, that
eventual phase transition must be comprehensively kept under control.

7.1.3. Local Activation of Phase Transitions on Edges and in Graphene Bulk

Incidence of high energy activation on phase transformation from graphenic material towards
diamond material, could be many times unconsciously demonstrated for long. This can be stated in
considering several corresponding Raman spectra features:

(a) With the differentiation between so-called “Ddisorder” peaks (GeA) and the neighbor collective
vibration modes of the D diamond peaks and band (~1330 cm−1)

(b) The related Csp3cluster-Csp2 (~1470 cm−1) and Csp3cluster-Csp3 structure (~1150 cm−1).
(c) In considering some possible stress up- and down-shift which can be checked on the G peak.
(d) The differentiated analysis of the so-called G band which is not always containing a nominal G

peak (corresponding to ordered graphitic and graphenic Csp2 material at ~1580 cm−1 when not
stress shifted and which can be eventually broadened by disorder). They can correspond to the
superimposition of neighbor shifted other peaks and bands [26,180–182,208,209].

Attention must be brought to the point that modification of mechanical properties of crumpled
graphene sheet (graphene rippling) is not only the consequence of the new geometric non-flat surface
shape [232,233], but almost basing on a phase transformation from a graphenic state toward dielectric
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H6 and diamond state (as we observe on corresponding Raman spectra). This phase transformation can
be activated by various means (UV, external polarization, chemical recombination and ion and electron
electric neutralization energy release) [25,234,235]. However, this eventual phase transformation will
not be always homogeneously distributed, as observed for instance with the reduction of graphene
oxide by Gomez et al. [236]. This explains the observed increased ohmic resistance (by mix of juxtaposed
dielectric and highly conducting materials). In addition, some associated material shrinking is to be
considered, which can cause cracks and increased brittleness and reduction of heat transfer capacity.

7.2. Friction and Wear

Some NEMS system includes rotating parts for which reduced wear rates and friction can achieve
longer life time and higher number of mechanical cycles [254]. Mechanical robustness of a polymer
substrate can be increased with an adherent graphene coating [255]. Considering the reduced chemical
reactivity of defect free graphene surface, stronger adhesion of graphene on a polymer substrate
(or reverse situation) is only possible with the formation of chemical stronger interfacing bonds on
graphene vacancies/voids internal edge. However, on these spots, we suggest that released energy
from chemical recombination of H2, C–C and new formed chemical bonds on the internal void edges
can also transform the graphene material in the vicinity of these spots into a more wear resistant
tribological diamond like material (which can be evidenced with corresponding Raman Ddiamond
peak/band different from the so-called “Ddisorder” peak (GeA edge coupled double resonance vibration
mode) [256].

These combined effects are suggested to explain why non-expected particularly strong reduction
of wear and friction have been obtained on graphene coated metallic substrates sliding in dry nitrogen
after the graphene coating begin to be corrugated with accumulation of sliding graphenic wear
residues containing dissociated nitrogen [257]. This is to be considered with the very high N2 chemical
recombination energy release, which can enhance the diamond like atomic rearrangement process [26].
To be observed that epitaxial graphene grown on SiC, can also be transformed into an epitaxial
diamond structure. However, because of the much smaller interatomic distance in graphene than
in SiC, interfacial atomic mesh mismatch and induced tensile stress is expected to form many more
vacancies and voids. Thus, creating new additional stronger C–C interface edge bonds (~7 eV) which
can enhance precedingly described effect [258].

7.3. Yarn and Scaffolds

High performing fibers and scaffold could be manufactured with the spinning of longer CNT
and wires in considering pressure induced interlinking of adjacent CNT [259–262]. Enhanced fiber
strength is obtained when fiber manufacturing is associated to polymer between the tubes which can
better interlink the CNT via void defect anchoring effects [263,264] and also in causing diamond like
atomic rearrangement in the vicinity of the voids (considering that simple vacancies will not be large
enough for receiving all reactants necessary to such atomic rearrangement and with which stronger
interlinking can be produced). However, such a process involving some phase transformation from
graphene to diamond H6 phase may reduce its electric conductivity.

We suggest that the higher electric conductivity of Cu doped metallic CNT [265] is obtained
when vacancies and voids can be filled with some atomic species able to form an electric conducting
continuous flat CNT surface (similar to superconductivity conditions, as previously discussed).

For such application semiconducting CNT must be avoided, correct orientation of metallic CNT
particles must be secured. Diamond-like atomic rearrangement forming more dielectric material
must be avoided (or reduced to thin interlayer material, through which the electric conductivity is
obtained by electron tunneling, all the more that diamond and ta-C materials have low work function).
Addition of copper can fill larger voids with reduced chemical recombination energy release (Cu-C
binding energy is very low) and with electron enrichment of the electron conduction band edges and
in agreement with achieved high electric conducting CNT/Cu composite materials [163,164]. It will be
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essential here to optimize size, density and number of voids in the precursor graphene material and its
contamination being reduced, considering that atomic rearrangement towards more dielectric materials
has to be minimized. Using biochar material, a graphitic electric conducting carbon dust [266], its 3D
isotropic distributed orientation is contributing to easier reproducibility of carbon-based composited
materials [267].

7.4. Micro and Nano Interconnecting and Thermal Management

With the possibility of increased strength, elasticity, heat and electric conductivity and reduced
copper electromigration, low weight and low cost, carbon-based fibers appear to be interesting materials
for micro and nano interconnection and thermal management of many electromechanical and electronic
devices [268–274]. With bottom up technology vertical tubes and fibers can be catalytical nucleated
with strong bonds on its specific substrate alloy materials [275]. However, great care must be brought
to the achievable low ohmic, strong and stable electric contact to other added parts of the NEMS.
Any possibility to have the contact wire/fiber material being transformed into a low graded electric
conducting material must be avoided. It must be controlled and managed (a) the diamond atomic
rearrangement forming dielectric material by higher chemical recombination energy release (CRER)
and (b) the surface passivation with reactive contaminants which can affect both the adhesion and the
mechanical strength of the link and the resistivity of the electric contact. Cleanliness and selection of
fiber type on defect content, composition, mechanical and electric properties will be a major concern.

7.5. Electronical and Optoelectronic Functions and Field Emission Effects

Different nano electronic devices combine [134] chemically and electric field modifiable
semiconducting properties, low work function and different mechanical properties, which can be
associated to high thermal conductivity, high current density and very high mobility, and ballistic
properties, low voltage field emission properties and fast switching.

This could be achieved and/or improved with associated efficient chips cooling being up to
ten times better than with copper and with which electromigration of copper can be avoided [274],
especially in making use of polymer/graphene and CNT composites nano thin films [243–246] and
with which different devices could be elaborated. Among them, flexible electronic integrated circuits
and transparent thin film could be produced on transparent polymer and glass substrates, thin film
transistors (TFT) and Field effect transistors (FET) [166–168,276–281]. Those are thought to be used for
low power/low energy consumption field emission display [140,141] with which organic light emitting
diode (OLED) can be activated [142] or selective light emission can be produced on optoelectronic
functionalized CNT field emitters [142,143]. Here, particular care has to be brought to reduced
contamination and defect contents and to possible phase transitions especially induced by various
chemical recombination energy release activation.

7.6. Solar Cells, Hydrogen and Energy Storage and Energy Conversion

7.6.1. Solar Cells and Energy Storage

Organic solar cells have focused much interest, since low cost flexible thin film photovoltaic
system could be produced with them [282–284]. Graphene polymer composite could increase the
conversion efficiency, in reducing electron/hole recombination, since electrons in the conduction
band can be faster evacuated [285,286]. Such graphene polymer composite exhibit also transparent
conductive properties which are thought to be used for displays and for solar cells, considering they
are much cheaper than usual ITO (Indium Tin Oxide) and related TCO (Transparent Conductive
Oxide) [243,244,247,282–284]. As a result of their extreme high electric conductivity, they can be used
as transparent electrodes in very low film thickness. They can be deposited with spin deposition
techniques without vacuum technologies. However, polymers are not best diffusion barrier and give
little protection against humidity and low weight elements, and that thicker coatings can absorb a
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significant part of the solar light. Therefore, it will be useful to protect them with less permeating
transparent ta-C encapsulating which can provide additional anti scratch resistance and resistance
against hard UV [121] (Figure 19). Harder stress annealed transparent ta-C exhibiting very high
antireflection in addition to other interesting properties, can generally enhance over the double of
yearly solar light harvesting per unit surface, in collecting solar light with oblique incidence and
especially azimuthal light during many days along the year where the sky presents some luminous
coverage [287].

Figure 19. Scheme of conducting system with little conducting doped ta-C coating on highly electric
conducting composite graphene.

Association of different carbon-based materials have been considered for improved electric
energy storage and energy conversion (fuel cells) [28,288–290]. Several major aspects suggested to be
considered are the extreme differences in work function (from lower than 1 eV up to over 5 eV) between
different categories of carbon materials and other properties which must be correctly distinguished.
On a low work function graphene surface, H+ can be neutralized and recombined to H2 and induce
phase transformation into more diamond like materials. Meanwhile, on a doped ta-C surface (highly
diamond like) no chemo-structural change can be expected with such H2 recombination energy release
(CRER) activation mechanism.

Thorough distinction between different types of carbon materials must be achieved, considering
their different porosity and surface rugosity, chemical inertness, electric conductivity, work function
and diffusion barrier properties (for instance homogeneous, harder, dense packed ta-C have best
diffusion barrier properties including for H+ protons which other carbon materials will not have) [28].
Despite their poor electric conducting properties (whenever being doped), electric transport can be
maintained through very thin ta-C layers by electron tunneling effect and can be used in multilayer
nano materials with which low friction and high antiwear properties can be associated to sufficient
electric conductivity for sliding contact brushes for instance [256].

7.6.2. Hydrogen Storage and Photocatalytic Production from Water

Considering hydrogen in modern clean energy management, much interest has been developed
for its storage efficiency and low-cost production [291]. Hydrogen can be stored at ambient temperature
with much less energy than necessary for cooling and gas compression in making use of temperature
dependent and reversible adsorbtion capability on CNT external and internal wall surface [292,293].
Physical adsorbtion of H2 on CNT is to be considered on its defects where dangling bond electron stay
captive, meanwhile chemisorption corresponding to the formation of C–H bonds on the graphene
surface and on its vacancies and voids internal edges (~4 eV) appears to be unlike, because the C–H
bond energy is lower than the H–H bond (~5 eV) of a H2 molecule. Therefore, hydrogen storage on
graphenic material will be much dependent from contaminants which can screen the defects [294].
With the dissociation of adsorbed H2 by catalytic and electrolytic effects [295], H atoms can be better
chemically bonded to the graphene substrate defect edges. Consecutive temperature activated H2

recombination can release the stored atomic hydrogen in form of molecular H2. The desorbtion
mechanisms is generally endothermic and is absorbing energy, meanwhile the H2 recombination
and process is releasing energy with which the CNT material can be locally converted into some
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denser H6 diamond like material and will enhance the formation of defect with tensile stress. Process
optimization will depend on defect characteristics.

Hydrogen production with photocatalytic dissociation of water has been thought in using the CNx
material which can be tailored on its optimized optoelectronic gap (~1.8 eV) and with sufficient electric
conductivity and with which solar light can dissociate water molecules with H2 formation [203,296].
Enhanced efficiency of similar process has been obtained with association of usual catalytic materials
such as palladium/TiO2 material [295]. However, these materials can be degraded by oxidative
processes which will harm to their operational life time. We suggest that chemically more stable doped
ta-C which can also be tailored at 1.8 eV gap and presenting some anti-soiling properties might give
the route for better satisfactory solutions.

7.7. Sensors, Medical Applications and Miscellaneous

Functionalizing of graphenic materials, assembled to yarn could produce electrosensitive elastic
fibers thought to be used for artificial muscles [253] and highly performing bio sensors [68]. Several
Carbon based NEMS sensor principles can be distinguished: Selective mechanical properties (cantilever
and membrane deformation, mass selective resonance) [35–38,69,71], selective molecular adsorbtion
of functionalized graphenic materials [297–300] and selective optoelectronic modification [158,159].
A model for biologic and artificial olfaction had been proposed based on the appearance of transient
polarization pulse which can be produced by selective adsorbtion on specific molecular compounds
wrapping an electric conductor [100]. With the functionalized graphenic material, its optoelectronic
band organization is modified and can present IR fluorescence being activated by specific adsorbtion
energy release, and an effect which is used for instance for the monitoring of glucose in the
blood [159,160].

A reverse effect is to be considered, when some functionalized graphenic material is adsorbed
on biologic cells and tissues which can have toxic and antibacterial effects and being used for cancer
therapy [101–107]. CNT scaffold composed by strongly interconnected fibers [249,301] can be used for
bone tissue engineering [302]. Noteworthy, is the possibility to produce some helicoidal molecular
structure with the adsorbtion of proteins [303] with are expected to have specific sensor properties.
The same effect is suggested to be at the origin of first terrestrial abiotic RNA synthesis [240]. Many
other applications have been developed, using graphenic composite scaffold for water nano-filtering
and purification [304], as flame retardant material which combines heat conducting cooling effect
with formation of diffusion barrier material [305], plasmon enhanced detection of microwave [306],
photodetection with broadband polarimetry, with functionalized CNT upon corresponding photon
energies and making use of their electric conductance anisotropy [161].

For all these systems, it appears the decisive role of defects of the graphenic sensor materials on
which functionalizing molecules will be anchored with modified optoelectronics. Contaminants can
screen and modify the defects and the optoelectronic organization of the functionalized graphenic
materials and quantum electronic activation by specific chemical recombination energy release can
transform a graphenic/polymeric material into diamond and diamond like dielectric material. The last
effect which is thought to be at the origin of manufacturing of high performing diamond/diamond-like
composite material for abrasive resistant and more performing cutting tools with 3D printing of liquid
polymer/diamond crystallite mixture [307].

8. Conclusions

Carbon-based materials have extreme material properties of interest for more advanced NEMS
applications. However, despite huge progress particularly with them, their implementation has to
face several hindrances [1,10,23,65]. Changes to electronic and mechanical attributes of carbon-based
materials must fully be explored before their implementation, especially because of high surface area
which can easily react with environments. The NEMS design must receive particular attention to
contamination and actual material structure and defects which can affect adhesion, surface rugosity
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(rippling corresponding to phase transformation towards H6 diamond and other diamond-like
structures), friction (especially on local asperities), electric conductivity, inter connection, optoelectronic
properties and surface functionalization. It is necessary to be fully aware about them, and all aspects
must be correctly characterized and selected upon their manufacturing processes and their origin in
order to be able to optimize and secure achieved results.

For this purpose, revised fundamentals have appeared as essential. This is concerning on one hand
the characterizing achieved especially with Raman spectroscopy and on other hand some dramatically
neglected effects inducing phase transformation and significant modification of material properties.
For instance, with phase transformations of graphene and polymeric material toward diamond and
diamond like material by quantum electronic activation and which can be particularly efficiently
produced by high energy H2, N2, O2 and C–C chemical recombination and electric neutralization
energy release and which can produce diamond-like material glassy carbon and/or diamond particle
inclusions and different kinds of amorphous diamond materials.

Diamond-like phase transformation appears to be very useful for many anti-wear and tribological
application (effects being used for instance by Sandvik for the production of new diamond composite
materials [307] or the contrary, when the main advantages of graphenic particles electric and
opto-electronical properties have to be preserved and the appearance of defects and cracks by
shrinking effects has to be avoided (similar effects exist also with different steel and aluminum based
alloy when for instance with recombination of incorporated atomic hydrogen to H2 [207]). For this
purpose, the efficient diffusion barrier properties against atomic hydrogen diffusion of very thin harder
ta-C coating appear to be of high interest [121]. When being stress annealed without graphitic thermal
degradation it is suggested to be used for different kinds of transparent antireflecting, anti-erosion,
anticorrosion and anti-soiling encapsulation in association with transparent highly electric conductive
polymers for many applications [287].
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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.
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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.

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.

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.

51



Micromachines 2019, 10, 234

Figure 4. (a) Schematic illustration of 2D and 3D carbon-based biosensors, reproduced with permission
from [97], published by MPDI, 2018; (b) graphene-based sensor chip above holder reproduced with
permission from [100], published by Elsevier, 2016; and (c) synthetic layout of rGO-TiO2 thin-film
sensor, reproduced with permission from [105], published by Elsevier, 2017.

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.

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.

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 offmodes, (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,

61



Micromachines 2019, 10, 234

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.
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Abstract: Humidity sensors are widespread in many industrial applications, ranging from
environmental and meteorological monitoring, soil water content determination in agriculture,
air conditioning systems, food quality monitoring, and medical equipment to many other fields.
Thus, an accurate and reliable measurement of water content in different environments and materials
is of paramount importance. Due to their rich surface chemistry and structure designability, carbon
materials have become interesting in humidity sensing. In addition, they can be easily miniaturized
and applied in flexible electronics. Therefore, this short review aims at providing a survey of recent
research dealing with carbonaceous materials used as capacitive and resistive humidity sensors.
This work collects some successful examples of devices based on carbon nanotubes, graphene, carbon
black, carbon fibers, carbon soot, and more recently, biochar produced from agricultural wastes.
The pros and cons of the different sensors are also discussed in the present review.

Keywords: humidity sensor; carbon-based materials; carbon nanotubes; graphene; carbon black;
carbon fibers; carbon soot; biochar; flexible electronics

1. Introduction

Gas sensors are miniaturized analytical devices that can deliver real-time and on-line information
on the presence of a target gas. Humidity sensors are largely used in many fields where accurate and
reliable measurements of water content in different environments and materials are of paramount
importance, as depicted in Figure 1. These sensors can also constitute a cheap alternative to a
laboratory’s analytical technique, so moisture (the water content of any material) sensors and humidity
(the water vapor content in gases) sensors are used in many different areas of human activity, such as
food quality monitoring, conditioning systems, meteorology, agriculture, manufacturing and process
control, medical equipment, and so forth [1]. When air is fully saturated with water, the pressure
exerted by the contained water vapor is defined as the saturation water vapor pressure (Ps) that is
dependent on the temperature. Thus, the ratio of the current water vapor pressure to the saturation
water vapor pressure at a specific temperature is a common way to quantify the amount of water vapor
contained in the air [1], and it represents the relative humidity (RH).

The sensor’s response is often determined as the relative changes in a measured physical parameter
like the impedance (Z), resistance (R), current (I), conductance (G = I

V ), capacitance (C), power gain,
or resonant frequency (f 0) value of the device with respect to time. Different conventions have been
adopted for plotting these measurements: ΔX

X0
, X

X0
, or simply ΔX (where X = Z, R, I, G, C, f 0 or power

gain) [2]. Materials that show a resistivity decrease are classified as n-type semiconductors, while p-type
ones are those presenting an increase of the resistivity when the target reducing gas concentration rises.
In fact, humidity usually exhibits reducing characteristics, even if the oxidizing effect of water at 300 ◦C
was studied in a recent paper by Staerz et al. on the WO3 surface [3]. The limit of detection (LOD) is the
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lowest amount of target gas that can be detected at a known confidence level [2]. The calibration curve
in Figure 2 shows the relationship between the sensor’s response and the concentration of the target
gas. The sensitivity of the sensor is given by the slope of the calibration curve (Figure 2). The drift
is defined as the change in the sensor’s response over time, independently of the gas concentration
(Figure 3). In addition, the selectivity is the ability of the sensor to discriminate the target gas among
other species [2].

 

Figure 1. Fields of application of humidity and moisture sensors. Reproduced with permission from [1],
published by Elsevier, 2016.

The requirements for effective humidity sensors that change impedance after exposure to humidity
in view of practical applications are the following: good sensitivity (i.e., the capability to discriminate
small differences in concentration of the analyte over a wide range of RH values, Figure 2), a short
response time (the time that a sensor needs to reach usually 90% of the total impedance or capacitance
change during adsorption of gas) and recovery time (the time taken for a sensor to achieve usually
90% of the total impedance or capacitance change in the case of gas desorption) (Figure 3), good
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reproducibility (small standard deviation in sensor response of devices realized with the same material),
great repeatability (small standard deviation in sensor response of the same device under a definite
humidity concentration), very small hysteresis (the difference between the impedance value during
adsorption and desorption cycles for the same RH value), negligible temperature dependence, low
cost of fabrication and maintenance, resistance to contaminants, a linear response, an easy fabrication
process, and durability [1]. Finally, a low weight and compatibility with a microprocessor are also
required features for some specific applications (e.g., portable devices) [1].

Figure 2. Calibration curve of a sensor exposed to increasing concentrations of an analyte. Elaboration
from [2], published by ACS Publishing, 2019.

Figure 3. Sensor’s response of a sensor exposed to increasing concentrations of an analyte. Elaboration
from [2], published by ACS Publishing, 2019.

Commercial sensors are mostly based on metal oxides, porous silicon, and polymers, on which
water vapor molecules adsorption drastically changes the electrical properties, such as the resistivity
and capacity, of the device [4]. Capacitive humidity sensors detect humidity due to a change of
capacitance between two detection electrodes. In these devices, the capacitance increases with RH
because of a change in the dielectric constant of the sensing material. These sensors exhibit a low
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power consumption, but have to be calibrated often, according to changes in the sensor permittivity.
The resistance or the impedance of the resistive-type sensor decreases as the relative humidity increases
for n-type semiconductors. Ions or electrons, or both, are the conduction carriers for resistive-type
humidity sensors [1,5]. Generally, both resistive and capacitive sensors are cheap and respond over a
wide humidity range with good repeatability. However, their response is dependent on the temperature
and is influenced by the presence of some other chemical species (i.e., presents low selectivity) [1].
The common construction of the resistive-type ceramic humidity sensors consists of a ceramic substrate
with screen-printed interdigitated noble metal electrodes coated with the humidity sensitive materials
and a heater to ensure that there is a working temperature in the active region [1]. Currently, this
configuration is also the most common for capacitive-type humidity sensors [1].

Nowadays, the capacitive-based sensors are dominating the humidity sensor market, with nearly
75% of the sales [6].

Semiconductor metal oxides (SMOs) are sensitive towards different gases. Their working principle
is based on the variation of their electrical properties: on the surface of the grains of an n-type SMO
gas sensor, oxygen molecules can adsorb. These adsorbed oxygen molecules then attract electrons
from the conduction band and trap them at the surface as ions, leading to band bending. Therefore,
an electron-depleted layer is formed (also known as a space-charge layer). The space-charge region
is more resistive than the bulk of the SMO because of electron depletion. It is now widely accepted
that below 150 ◦C, oxygen is adsorbed in ionic form (ionosorbed) as O−2 and it dissociates as O– in
the temperature range of 150 ◦C to 400 ◦C. Above 400 ◦C, O2– ions are formed [7–11]. In the p-type
semiconductors, holes are responsible for the conduction and the signal is the opposite compared to
n-type materials: after exposure to oxygen, a hole-accumulation layer is formed, and the space-charge
region is more conductive than the bulk. This causes a drop in the resistance and impedance of the
sensitive material.

Optical-type humidity sensors based on change of the optical properties (such as reflectance,
evanescent wave, etc.) and acoustic-type humidity sensors based on the variation in the frequency of
acoustic resonance both have good sensitivity and acceptable response times [12]. However, the latter
two types of sensors cannot be used as flexible sensors due to the complicated measurement systems
and non-flexible active materials [12].

The active materials are the most important part in high-performance flexible sensors and should
be both flexible and electrically conductive. To this aim, recently, carbon films have attracted great
attention for their potential applications as humidity sensors because of their large sensing area
and high chemical inertness [4,12]. Due to their rich surface chemistry and structure designability,
carbon materials have become interesting in humidity sensing. In addition, carbon nanomaterials,
including carbon nanotubes (CNTs), graphene, carbon black, and carbon nanofibers, are among
the most commonly used active materials for the fabrication of high-performance flexible sensors.
Specifically, CNTs and graphene can be assembled into one-dimensional fibers, two-dimensional films,
and three-dimensional architectures, allowing an easy design of flexible sensors for many practical
applications [12]. Other advantages of these materials are their ability to work at room temperature
(RT), the possibility to functionalize them for chemical specificity, and their low thermal mass that
allows rapid heating with low power consumption [13]. Possible drawbacks are their low selectivity,
poor reproducibility, tendency to poisoning, and possible long-term drift [13].

Moreover, low-cost carbon materials, including carbon black and carbon nanofibers, can be
utilized as sensing materials integrated with fabrics [12]. Besides carbon nanomaterials, other carbon
powders derived from bio-materials through pyrolysis have also been proposed as sensing materials,
such as silk [14] and cotton [15]. Biomass is also a qualified carbon source, is available at a high
quality and huge amount, and is considered an environmental-friendly renewable resource [16].
Furthermore, different biochars, which are residues of biomass pyrolysis, are now available from pilot
plants producing biogas and energy [17,18]. In recent years, biochar applications have been conducted
in many fields [19], even though the main application of this material remains field amendment in
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agriculture [20]. Moreover, in recent years, biochar has been extensively studied as a substitution for
more expensive materials, such as carbon nanotubes, graphene, and others [21].

This paper reviews different experimental activities dealing with carbonaceous materials used as
capacitive or resistive humidity sensing materials with a special focus on biochar. It discusses
their advantages and underlines some limits and drawbacks, suggesting useful strategies for
minimizing them.

2. Sensing Materials

2.1. Carbon Nanotubes (CNTs)

In the last two decades, various resistive-type humidity sensors based on polymers
(polyimide) [22], sulfonated polyimides (SPIs) [23], poly(2-acrylamido-2-methylpropane sulfonic
acid) [24], poly(2-acrylamido-2-methylpropane sulfonate) [25], and poly(4-vinylpyridine)/poly(glycidyl
methacrylate [26]) and/or carbon nanotubes [27] have been investigated. Polymer-based resistance
sensors are limited in their ability to detect low levels of humidity, mostly because of their high initial
resistance value: the minimum detectable RH concentration is around 42% for a polyimide-based
resistive humidity sensor [22] and is equal to 30% for a sulfonated polyimide [23]. Thus, more sensitive
CNTs-based sensors were developed [5].

CNTs are excellent sensor candidates due to their mechanical and electrical properties, as well
as their ability to be functionalized and their easy integration into electronic circuits [28]. CNTs
can be either single-walled (SWCNTs) or multi-walled (MWCNTs). MWCNTs are made of multiple
concentric layers of SWCNTs. In defect-free tubes, the bonds between carbon atoms in sidewalls
are hybridized sp2 and noncovalent van der Waals forces or π stacking dominate the intermolecular
interactions [28]. MWCNTs contain both holes and electrons and at room temperature, present a
metallic behavior because of the overlapping of conduction and valence bands with electrons as majority
carriers [27,29,30]. MWCNTs can also behave as semiconductors with the energy overlap changing in
function of the chirality and thus, the interaction between the different MWCNTs walls [31,32].

In Varghese et al. [27], MWCNTs were grown by the pyrolysis of ferrocene and xylene under
an Ar/10% H2 atmosphere in a two-stage reactor. Ferrocene acted as a Fe catalyst and xylene as a
carbon source. The liquid was first pre-heated at 175 ◦C and subsequently sent to the reactor at 750 ◦C.
MWCNTs were deposited on quartz substrates with interdigitated electrodes to keep the impedance of
the sensor low, while providing a maximum surface area for contact with the gas atmosphere. MWCNTs
showed a considerable response to humidity with a response time of 2–3 min when increasing RH
values, while the recovery times were in the order of few hours [29]. The results revealed a charge
transfer between the water molecules and the MWCNTs, typical of a dominant chemisorption process
since physisorption does not involve any charge transfer [29]. For p-type MWCNTs, the adsorbed
water molecules extract holes to the valence band, leading to an increase in the resistance of the film.
The proposed sensors showed a cut-off (i.e., sensors start to respond) from 10 RH% and 20 RH%,
respectively, for the capacitive and resistive sensors [29].

In Lee et al. [5], poly (acrylic acid) (PAA) was used to disperse the MWCNTs, as PAA is highly
hygroscopic and sensitive to low RH levels. To disperse high amounts of MWCNTs in PAA, poly
(4-styrenesulfonic acid) (PSS) was used as a surfactant as PSS wraps the MWCNTs’ hydrophobic outer
shells with noncovalent polymer chains [5]. The PSS and MWCNTs were first mixed together in a mortar
to let the MWCNTs wrap with the PSS surfactant. The PSS/MWCNT mixtures were then wetted with
distilled water and ground for 10 min to prevent aggregation of the entangled MWCNTs. The mixtures
were diluted in distilled water to disperse the nanotubes, prior to sonication for 15 min in an ultrasonic
bath, followed by sonication for other 15 min with an ultrasonic probe. Subsequently, PAA powder was
dissolved in the MWCNT mixtures at 85 ◦C by stirring for 1 day. Finally, the sensor was manufactured
by depositing a 20 μL drop of this solution on a polyimide film with gold interdigitated electrodes.
The MWCNT/PAA films contained up to 33 wt% of MWCNTs [5]. The humidity sensor exploits the
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volume’s change of the MWCNT/PAA film due to humidity adsorption and desorption, which causes
an increase or a decrease in the distance between neighboring MWCNTs. Thus, the electrical resistance
of the film is dependent on volume changes caused by the adsorption and desorption of water vapor.
Films with more space to absorb humidity show a higher degree of swelling, especially with a higher
content of PAA. The film made with the ratio of MWCNTs/PAA equal to 1:4 exhibited good sensitivity
to humidity: its resistance variation from 30 RH% to 90 RH% was equal to 930 Ω. This result was
due to the high concentrations of MWCNTs in the polymer matrices, which led to limited changes
in resistance with increasing RH levels. However, the response to humidity was highly linear and
the sensitivity was acceptable [5]. The response and recovery times were equal to 670 s and 380 s,
respectively (for RH levels increasing from 50% to 90% and decreasing from 90% to 50%).

Polyimide (PI)/MWCNTs composite films were prepared by in-situ polymerization at room
temperature in Tang et al. [32]: the precursors (polyamic acid, PA) were obtained by stirring a mixture
of pyromellitic dianhydride (PMDA), 4,4-oxydianilline (ODA), and surfactant-dispersed MWCNTs in
N,N-dimethylacetamide (DMAc) for 4 h. A series of PA/MWCNTs nanocomposites (with theoretical
contents of MWCNTs in the PI of 0.5, 1.0, 2.0, and 3.0 wt% and labeled respectively as PIC05, PIC10,
PIC20, and PIC30) were synthesized with the same PA solid content of 18%. The precursors were
then coated on glass substrates and kept in an oven at 60 ◦C for 12 h to let the solvent evaporate.
Subsequently, step curing at temperatures of 100, 150, 200, 250, and 300 ◦C for 1 h was used to obtain
PI/MWCNTs films. The sensitivity of PIC10, PIC20, and PIC30 at 30 ◦C was 0.00138/RH%, 0.00178/RH%,
and 0.00146/RH%, respectively. The sensitivity of the PIC30 film is lower compared to that of the PIC20
film, and the sensitivity of composites is higher just around the percolation threshold. In PIC films, the
percolation threshold is around 1 wt%. A higher content of MWCNTs make the carbon nanotubes
tightly connected to each other and create physical contacts in the network. Therefore, the response
due to polymer swelling is smaller compared with the sample near the percolation threshold. Finally,
the resistance of the PIC30 film decreased when the temperature increased (Figure 4); thus, temperature
compensation should be made when this sensor is used at different temperatures. This negative
temperature dependence indicates that the major conductive mechanism of PIC30 was due to the
inter-tube effect: higher temperatures provided more energy for the motion of electrons lowering the
barriers between MWCNTs, resulting in a decrease of the film resistance.

 

Figure 4. Resistance changes in function of temperature for PIC30 sensor. Reproduced with permission
from [32], published by Elsevier, 2011.

In Yoo et al. [33], pristine and radio frequency oxygen plasma-treated MWCNTs (p-MWCNTs)
were mixed with PI and spin-coated on a Si3N4 membrane. Their resistance values continuously rose
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with the increasing RH levels, in the relative humidity range 10%–90%, while the initial resistance
value decreased with the increasing CNTs content. The measured sensitivities are reported in Table 1.

Table 1. Sensitivity of MWCNTs/PI composites. Reproduced with permission from [33], published by
Elsevier, 2010.

CNT Concentration (wt%/PI) p-MWCNTs/PI Sensitivity (1/RH%) MWCNTs/PI Sensitivity (1/RH%)

0.1 0.00127 0.00092
0.2 0.00149 0.00103
0.3 0.00305 0.00182
0.4 0.00466 0.00218

The p-MWCNTs/PI sensors showed better linearity and sensitivity than the non-treated ones and
a scheme of the gas sensing mechanism is depicted in Figure 5.

Figure 5. Scheme of the conduction mechanism of p-MWCNT/PI composite devices. Reproduced with
permission from [33], published by Elsevier, 2010.

The authors explained this result by stating that the surface of the plasma-treated CNTs has a
higher presence of defects with respect to pristine ones. They proposed electrical conduction as a
bulk phenomenon in contrast to surface adsorption. H2O molecules in PI possess a polarizability
that is around 80% with respect to the condition of free water. As a result, water species are not
significantly involved in hydrogen bonding and are situated primarily in free volumes in the polyimide
network. Consequently, the high conductivity water in the PI network increases the conductivity of
the PI-H2O system.

Water molecules can be either chemically bound (with the oxygen of the ether linkage and with
the four carbonyl groups at low RH levels) in the PI network or can condense in microvoids at higher
humidity amounts [34]. As previously described, only some of the water molecules in PI composites
films can bind to the CNTs through the hydrogen atom [33]. When the MWCNTs concentration is much
lower than the percolation threshold, the distance between the nanotubes is large and CNTs are almost
isolated. Thus, the resistance of the sensor is governed by the resistance of the water adsorbed on PI
and the sensor’s response is nonlinear. On the contrary, when the MWCNTs concentration is close to
the percolation threshold, tunneling through a potential barrier across the MWCNTs is effective. In the
p-MWCNTs/PI sensors, the intertube’s resistance increases due to the adsorption of water molecules,
while the PI resistance decreases, leading to an almost flat sensor’s response in the investigated relative
humidity range. If the p-MWCNTs fraction is above the percolation threshold, the number of CNT-CNT
connections rises and more current paths through intertubes are effective. Then, the adsorption of
water molecules on CNTs becomes important. The amplified sensor’s resistance is due to the transfer
of electrons from H2O molecules to carbon nanotubes and/or the intertube’s distance variation when
PIs begin to swell. The electron transfer caused by the adsorption of water molecules will shift the
valence band of the CNTs away from the Fermi level, reducing the hole concentrations and increasing
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the depletion layer thickness. Thus, the resistance of the MWCNTs and of the intertube tunneling
barrier will increase [33].

Resistive-type humidity sensors made from composite films of hydroxyethyl cellulose (HEC)
and MWCNTs (purity > 99.5%; 7, 8 and 9 wt%) were investigated in Ma et al. [35]. The sensors were
prepared by dissolving 0.3 g of HEC powder with MWCNTs in 3.0 g of distilled water at 80 ◦C for
5 min. Then, the solution was centrifuged for 10 min and defoamed for 1 min. The final mixture was
pasted between two electrodes with wires onto an alumina plate. The ceramic plate was finally dried
at 130 ◦C for 1 h to remove the distilled water. The sensor’s response (ΔR/R0) varied in an exponential
form. When the sensor’s response was expressed on a logarithmic scale, the sensitivity of the studied
sensors was 0.0866/RH%, 0.0937/RH%, and 0.10069/RH%, respectively, for the 7 wt%, 8 wt%, and 9 wt%
MWCNTs films. The HEC/MWCNTs sensor with 7 wt% MWCNTs showed the best performance from
a repeatability and stability point of view, in the dry/wet cyclic tests. However, the HEC/MWCNTs
sensor with 9 wt% MWCNTs presented the highest sensitivity.

In the study of Pan et al. [36], MWCNTs were first functionalized by chemical treatment: 150 mg
of MWCNTs was ultrasonicated for 4 h in a mixture of concentrated H2SO4/HNO3 at a ratio of 3:1.
The treated MWCNTs were then filtered over a 0.45 μm pore size membrane and the filter cake was
washed with deionized water. Subsequently, the remaining solid was suspended in solution of H2O2

(20 v/v%, 150 mL) in an ultrasonic bath for 2 h. Finally, the product was filtered and dried overnight in
a vacuum oven at 50 ◦C. The oxidized MWCNTs (100 mg) were dispersed in N-N-dimethylformamide
(DMF, 8.55 mL) under ultrasonication for a few minutes until a stable suspension was formed. Then,
polyvinylpyrrolidone (PVP, 900 mg) was added into the suspension with stirring and the mixture
(MWCNTs/PVP weight ratio equal to 1:9) was kept under stirring for another 24 h. The MWCNTs/PVP
sensors were prepared on quartz slides with interdigitated electrodes and the films were dried at room
temperature for 12 h and at 60 ◦C for 12 h. Finally, the MWCNTs/PVP films were heat-treated at 350 ◦C
for 1 h. The response was defined as I/I11%, where I was the current of the sensor at different RH values
and I11% was the current of the sensor at 11 RH%. The films started to respond to humidity from
33 RH% (Figure 6). The response and recovery times between 11 RH% and 94 RH% were about 15 and
1.8 s, respectively [36].

 

Figure 6. Dynamic response curve for the MWCNTs/PVP film sensor heat-treated at 350 ◦C at different
RH% values. Reproduced with permission from [36], published by Wiley Online Library, 2016.

The interfacial heterojunctions between MWCNTs and PVP strongly influence the sensitivity and
response/recovery times of the sensors. At low relative humidity values, few carriers (H+ and H3O+)
were injected into the heterojunctions due to the adsorption of water molecules. The ions carrier
injected into n-type PVP neutralized the intrinsic electrons of PVP and weakened the barrier of n–p
heterojunctions, decreasing the resistance of heterojunctions. Therefore, the MWCNTs/PVP sensor
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exhibited a good sensitivity at low RH. At high relative humidity values, the swelling of PVP was
strongly limited because of the stability of the MWCNTs net. This allowed the MWCNTs/PVP sensors to
exhibit excellent repeatability (Figure 6, the two successive measurements at 94 RH%). In addition, with
decreasing MWCNTs content, the number of interfacial heterojunctions and sensitivity decreased, and
longer response/recovery times compared with the 10% MWCNTs/PVP sensor were determined [36].

The results of a wearable textile-based humidity sensor utilizing high strength (~750 MPa) and
ultra-tough SWCNTs/PVA filaments made by a wet-spinning process were reported in [37] (Figure 7).
The diameter of an SWCNT/PVA filament under wet conditions was two times that under dry
conditions. Moreover, the electrical resistance of a fiber sensor stitched onto a hydrophobic textile
significantly increased by more than 220 times after water was sprayed. Textile-based humidity sensors
using a weight ratio of 1:5 between SWCNT and PVA filaments showed a great sensor response. In fact,
the electrical resistance increased by more than 24 times under 100% of RH with respect to 2.4 times
when the molar ratio was 1:1. Moreover, the response time was rather short (40 s). The effect of
operating temperature was also investigated, and a significant decrease in the sensor response of
around 50% was measured when the operating temperature increased from 25 to 75 ◦C. The authors
have demonstrated that the textile sensor based on the SWCNT/PVA filament can be utilized to monitor
human sweating and water leakage on a high hydrophobic textile, with a contact angle of 115.5◦.
The as-fabricated sensor also displayed an excellent reversibility under high relative humidity values
and wet conditions.

 

Figure 7. Single-walled carbon nanotube (SWCNT)/Poly (Vinyl Alcohol) (PVA) filament sensor response.
Reproduced with permission from [37], published by ACS Publishing, 2017.

In [38], carbon nanotube (CNT)-yarn humidity sensors were manufactured using an MnO2-coated
CNT yarn and the sensor performances were compared with those of a pure CNT yarn. The results of
this work demonstrated that an increase in humidity causes a decrease in the hole density of p-type
nanotubes, resulting in an increase in the resistance of the sensors. An Fe film acting as a catalyst for
CNTS growth was first deposited by electron beam evaporation on 330-μm-thick p-type silicon wafers
and then annealed in a vertical cylinder atmospheric-pressure chamber. After purging the tube with
He for 10 min, the temperature in the chamber rose to 780 ◦C in 15 min. The CNTs were grown at
780 ◦C by adding acetylene gas to the flow for 5 min. Subsequently, acid treatment was carried out in
solutions of H2SO4/HNO3 (3:1, 50 mL) for 1 h at room temperature. The aim of the acid treatment
of the CNT during functionalization is to introduce hydrophilic carboxylic functional groups to the
sidewalls, in order to to improve the performance of the CNT humidity sensor. After functionalization,
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MnO2 nanoparticles were directly electrodeposited on the CNTs in a fresh aqueous solution of 0.02 M
of MnSO4·H2O and 0.2 M Na2SO4 at pH ~5.6.

MnO2 was electrodeposited at a potential of 0.9 V for 40 s, and this resulted in a 150 ± 30 nm thick
MnO2 on CNT yarn. Then, a p-n heterojunction was formed at the interface between the CNT and
MnO2 nanoparticles, after the electrodeposition of MnO2 on the CNT. This produced band bending in
the depletion layers. Because of the relative position of the CNT and of the conduction band edges of
MnO2, the electrons transferred to the conduction band of MnO2 can be injected to the CNT. Eventually,
this process leads to a decrease in the concentration of holes in the CNTs, giving rise to an increase in
the electrical resistance of the CNT/MnO2 composite. In this case, MnO2 provides active sites for the
adsorption of H2O molecules and constitutes an excellent medium for electron transfer during the
sensing process. In this way, the sensitivity of the CNT/MnO2 composite is significantly improved.
A comparison of the two sensors’ performances towards humidity is depicted in Figure 8.

 

Figure 8. Sensitivities of humidity sensors as a function of relative humidity. (a) and as a function of
time; (b) between 10 and 90% RH. Reproduced with permission from [38], published by Elsevier, 2015.

2.2. Graphene

In the work of Huang et al. [39], sodium (5 g) and sugar (fructose or sucrose, 5 g) first reacted
with ethanol as a solvent (50 mL) in a sealed Teflon autoclave at 220 ◦C for 72 h. The addition of sugar
was aimed at creating defects in the graphene sheets. The precursor was then rapidly pyrolyzed at
600 ◦C for 2 h and washed with deionized water and methanol, prior to filtering and drying. One drop
of a graphene methanol solution was subsequently deposited onto an alumina substrate with gold
interdigitated electrodes and dried for 5 h to evaporate the solvent. Finally, the device was annealed in
vacuum at 180 ◦C for 2 h to improve the contact. In the absence of any sugar, the response changed
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slightly from 3 to 30 RH%; however, for the sample with sucrose, the response increased sharply from
0.27 to 3.33 in the same RH range. In addition, the cut-offwas around 6 RH% when sugar was used
during the synthesis process (Figure 9). XPS, XRD, and Raman spectroscopy results demonstrated that
oxygenated groups increased from 17.7% in the sample with no sugar to 24.7% in the sample obtained
with sucrose.

 

Figure 9. Dynamic response under 30% RH: (a) response in terms of conductance’s changes in the
range 3–30% RH; (b) for different graphene-based sensors. Reproduced with permission from [39],
published by Elsevier, 2012.

Unlike graphene and reduced graphene oxide (rGO), graphene oxide (GO), because of its oxygen
functional groups, is strongly hydrophilic and proton conductive [40,41]. This makes GO an ideal
candidate for humidity detection. The Van der Waals interaction between H2O and graphene is
weak (0.044 eV) while H2O forms hydrogen bonds with the epoxy (0.201 eV) and hydroxyl groups
(0.259 eV) [42,43]. Guo et al. [42] used GO produced by Hummers’ method from natural graphite
(Aldrich, <150 μm) to prepare sensing films on poly(ethylene terephthalate) (PET) substrates by the
spin-coating technique. After drying at 60 ◦C for 1 h, the samples were exposed for 10 s to two beams
which were split from the UV laser to reduce and produce patterned hierarchical nanostructures.
The content of oxygen atoms in pristine GO was 46.5%, with only 32% of carbon atoms not bonded to
oxygen. After reduction with 0.15 W laser treatment, the C–C percentage increased to 68% and C–O
percentage decreased to 23%, indicating the loss of oxygen groups from the surface. An increase of
the laser power led to a further reduction of the GO film. After two-beam-laser interference (TBLI)
reduction with the laser power of 0.15 W, the resistance of the devices dropped by more than two
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orders of magnitude when RH increased in the 11%–95% range. Moreover, the sensors’ response
showed good linearity and limited hysteresis (6%) under 60 RH% (Figure 10).

 

Figure 10. Impedance changes of GO-based sensors. Reproduced with permission from [42], published
by Elsevier, 2012.

When the laser power was increased to 0.2 W and 0.3 W, the range of the resistance change
became smaller and the resistance versus RH% was no longer linear over a wide humidity range
(Figure 10). This result was due to the relatively higher conductivity and to the damaging of hierarchical
nanostructures compared with the device fabricated with the 0.15 W laser. For the sensor realized with
the laser power of 0.15 W, the response time was very fast (2 s) when increasing from 11 to 95 RH%.
Then, when decreasing the RH level from 95% to 11%, the recovery time was higher than 100 s. For the
device fabricated by the laser power of 0.2 W, the response time was about 3 s, and the recovery time
was about 10 s. Finally, when the laser power increased to 0.3 W, the response time increased until 50 s,
while the recovery time was about 3 s [42].

GO was obtained from natural graphite powder by an oxidation reaction according to a modified
Hummers’ method in Yu et al. [44]. GO ethanol solution (50 mL) with a concentration of 1 mg/mL was
sealed in a 100 mL autoclave and then heated to 180 ◦C for 12 h. After that, the autoclave was left to
cool down naturally to room temperature. The prepared ethanol intermediates were removed from the
autoclave by a slow and progressive solvent exchange with water, prior to drying with a freeze-dryer
and then, at 120 ◦C for 2 h in a vacuum oven. Subsequently, the sample was annealed at 450 ◦C in
H2/Ar (5/95, v/v) for 6 h. Finally, the sample was treated in a UV ozone system for 15 min to obtain the
final 3D graphene foam (3DGF). When the RH level rose, the obtained channel currents of the sensor
decreased continuously. The response and recovery times were determined for the sensor when the
RH level was changed from 0 to 85 RH% and from 85 RH% to 0 RH% and were approximately equal to
89 ms and 189 ms, respectively.

Graphene oxide was prepared from natural graphite (Alfa Aesar, 99.999% purity, 200 mesh) using
a modified Hummers’ method [45]: graphite and H2SO4 were first mixed in a flask and KMnO4 was
added slowly over 1 h. After 2 h stirring, the solution was kept over an ice water bath. Subsequently,
the mixture was stirred vigorously for 18 h and deionized water was added. Then, the solution
was stirred for 10 minutes over an ice-water bath and H2O2 (30 wt% aqueous solution) was added.
Finally, the mixture was stirred for 2 h. The resulting mixture was precipitated and filtered to obtain
the graphite oxide powder (GO). The GO was then exfoliated into GO nanosheets in water by bath
sonication for 1 h. Subsequently, the GO nanosheets were dispersed in N-methyl-2-pyrrolidone to limit
aggregation. Hydrazine monohydrate (N2H4) was then added dropwise to the GO solution to a final
concentration of 4 mM. The GO was finally reduced in solution by heating at 100 ◦C for 24 h. Large-area
graphene electrodes were grown on a Cu foil (10 × 10 cm2) through CVD. The Cu foil was inserted into
a quartz tube and annealed at 1000 ◦C under an H2 atmosphere for 1 h. Then, 5 sccm of CH4 were
introduced to trigger graphene growth under a continuous H2 flow of 10 sccm. After 30 min, the CH4
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flow was stopped and the tube was cooled down to room temperature under H2 flow. The graphene
obtained on the Cu foil was then transferred onto a polydimethylsiloxane (PDMS) substrate using
standard photolithography and etching processes [45]. The PDMS solution with a base prepolymer and
a crosslinking agent (in a weight ratio of 10:1) was poured onto a hexamethyldisilazane-treated glass,
and the sample was then put into a chamber to remove bubbles in the PDMS layer. After degassing,
the glass with the PDMS layer was spin-coated and cured at 120 ◦C for 1 h, and then converted into
a hydrophilic surface with O2 plasma. When the relative humidity was increased from 20% to 90%,
the capacitance increased from 0.15 to 4.27 pF because the adsorbed water molecules increased the
GO capacitance (Figure 11). Two distinct regimes were evidenced in the curves. For RH levels below
60%, water molecules were adsorbed onto the GO surface through double hydrogen bonding. In this
regime, the protons’ hopping between adjacent hydroxyl groups increased the leak conductivity in
the film, enhancing the capacitance of the GO film. As the RH rose above 60%, a larger number
of water molecules were adsorbed onto the GO surface and penetrated the GO films. These water
molecules made the hydrolysis of carboxyl, epoxy, and hydroxyl groups on the GO surface easier.
These ionic species sharply enhanced the ionic conductivity and thus the sensor’s capacitance increased
exponentially [46].

Figure 11. Impedance change of GO-based sensors. Reproduced with permission from [46], published
by Wiley Online Library, 2016.

In Borini et Al. [47], GO humidity and temperature sensors with PEN (polyethylene naphthlate)
as supporting material and silver interdigitated electrodes were realized by drop casting and spray
coating methods. The manufactured sensors had different thicknesses (15 nm, 25 nm, and 1 μm).
Sensors obtained by spray coating, with a GO layer roughly 15 nm thick, showed ultrafast response and
recovery time, almost 30 ms, due to the high graphene permeability and to its 2D structure. Thi result
allows classifying the sensor among the fastest ever produced before. The speed of the sensors was
studied as a function of the film thickness, response time 20–30 ms and recovery times 90 ms for 25 nm
thick films—30 ms for 15 nm thick films were determined. The response of a 25 nm thick film is lower
than that of the 15 nm one. The measurements were done in the R.H. range from 30% to 80% and
temperature range 10–40 ◦C.

GO shows great potential in the sensor technology. For example, it can be exploited, beyond RH
and T, to monitor the littlest variation of moisture during a vocal expression.

In [48], a layer of graphene was deposited on the surface of a chip made of p-doped silicon
substrates with a 300 nm thick SiO2 layer by using a CVD graphene wet transfer technique after
deposition on a copper foil. The graphene layer was finally patterned using a photoresist mask and O2

plasma etching. The sensitivity of the sensor in the investigated RH range was 0.31 1/RH%, with very
fast response and recovery times (respectively equal to 0.4 and 0.6 s).
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A flexible humidity sensor based on SnO2/reduced graphene oxide (RGO) nanocomposite film
was proposed in [49]. The humidity sensor was fabricated on a flexible polyimide (PI) substrate with
microelectrodes by one-step hydrothermal synthesis. Compared with traditional humidity sensors, the
as-prepared sensor demonstrated an ultrahigh sensitivity together with rapid response and recovery
characteristics. The electrodes were fabricated by metal sputtering. In the microfabrication of the sensor,
a 20 μm thick Cu/Ni layer was firstly deposited on the PI substrate (75 μm thick) with a sputtering
system. Subsequently, photoresist (PR) was applied to make a pair of interdigital electrodes (IDEs)
pattern with the lithography technique, and subsequently, the redundant Cu/Ni was etched out to form
micro-IDEs. A sensing film of an SnO2/RGO hybrid composite was finally realized by a hydrothermal
treatment with an SnCl4 solution in the presence of graphene oxide. Firstly, 2 mL of GO (0.5 mg·mL−1)
and 24 mg of SnCl4·5H2O were added into 20 mL of deionized water by sonication for 10 min and
stirring for 1 h. The solution was then transferred into a 40 mL Teflon-lined, stainless-steel autoclave and
heated at 180 ◦C for 12 h, during which GO was converted into conductive rGO under hydrothermal
reduction. After the autoclave was cooled down, the as-prepared products were centrifugated for
10 min and subsequently washed with deionized water. Finally, the resulting SnO2/RGO dispersion
was drop-casted onto the flexible substrate, followed by vacuum-drying in an oven at 50 ◦C for 2 h.
The sensor showed a great variation in capacitance from 246.53 pF to 138267 pF over the humidity
range from 11% to 97 RH%. The corresponding capacitance changed by approximately 550-folds of
magnitude within the entire humidity range of 11–97 RH%.

A highly sensitive humidity sensor made of silver inter-digital electrodes and a graphene
(G)/methyl-red (M-R) composite layer deposited on a low cost transparent polyethyleneterephthalate
(PET) substrate through the inkjet printing technique was obtained in [50]. In order to achieve a high
sensitivity and a wide sensing range, the methyl-red composite thin film layer was deposited over
the silver interdigital electrodes through electrohydrodynamic (EHD) and its thickness was ~300 nm.
The graphite powder (0.05 g) was first dispersed in NMP (10 mL) solvent and the solution was then
sonicated in an ultrasonic bath for 30 min at room temperature. After bath sonication of the ink, large
un-exfoliated graphite flakes were separated by vacuum filtration. Finally, the ink was centrifugated
for 30 min and the supernatant was separated from sediment. 10 wt% methyl-red was prepared in
dimethylformamide (DMF) by bath sonication for 2 h at 30◦C. This temperature was chosen because
below 15 ◦C, the methyl red in DMF forms a gel. The graphene and methyl-red inks were mixed with
an optimum 2:1 ratio. The mixed ink was then placed on a bath sonicator at ambient conditions for
1 h to make a uniform dispersion solution of graphene flakes and methyl-red. The sensor electrical
resistance changed from 11 MΩ to 0.4 MΩ towards the relative humidity content from 5% to 95%.
The proposed humidity sensor showed 96.36% resistive and 2869500% capacitive sensitivity against
humidity. The response and recovery time of the sensor was respectively equal to 0.25 s and 0.35 s.
Furthermore, it had negligible cross sensitivity from other constituents in air because of M-R addition
in the graphene.

Pang et al. [51] realized a porous material, 1.5 μm thick, by means of chemical vapor deposition,
growing graphene flakes on a “model” nickel foam. The metallic skeleton was then dissolved with
HCl. For performance improvement of Graphene Oxide sensors in moisture monitoring, the GO
network was modified with poly (3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT: PSS)
and Ag colloids (AC). In this way, the sensor showed a response time of 31 s and a recovery time of
72 s. The relative resistance change (R−R0)/R0 reached a value of 1.10% at 12 RH% and increased up to
4.97% at 97 RH%. While the water molecules progressively accumulated in the graphene network, the
resistance variation showed improvement. The field of applications of this technology ranged from
healthcare to the detection of skin moisture and clinical respiration monitoring.

In Yun et al. [52], reduced graphene oxide and MoS2 hybrid composites were synthesized by the
hydrothermal method and drop-cast on an SiO2 layer. The amount of GO was defined by the following
molar ratio: GO/(NH4)2MoS4 = 5:1, 3:2, 1:5. These sensors were labelled as MS-GO1, MS-GO2, and
MS-GO3. A p-n junction was formed between rGO and MoS2 due to van der Waals bonding and was
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responsible for short response and recovery times and a high selectivity, as well as a greater sensitivity
and linearity for humidity sensing in comparison with pristine p- or n-type sensors. The responses
of rGO, MS-GO1, MS-GO2, MS-GO3, and MoS2 sensors were equal to 3%, 15%, 21%, 14%, and 49%,
respectively, at 50 RH% at room temperature (Figure 12). The response times of GO, MSG-O1, MS-GO2,
MS-GO3, and MoS2 were 193.7, 59, 30, 116, and 17 s, and the recovery times of each sample were 418,
343, 253, 282, and 474 s, respectively. Although pristine MoS2 showed the highest response value,
its recovery time was higher with respect to all other investigated samples, so MS-GO2 demonstrated
the best overall sensing performances.

Figure 12. Sensing curves of rGO and MS-GO composites and of MoS2 when RH switched from 0% to
50%. Reproduced with permission from [52], published by Elsevier, 2018.

Finally, Park et al. [53] prepared sensors based on rGo/MoS2 at a molar ratio of 1: 1, 1: 5, and 1: 10
by simple ultrasonication. These samples were labelled RGMS 1, RGMS 5, and RGMS 10, respectively.
RGMS 1; 5; 10 showed a sensor response of 10.5, 872.7, and 86.6% to 50 RH%, respectively. rGo/MoS2

in the proportion 1:5 showed the highest response to water vapor among the composites and a signal
220 times higher than that of pure rGo. In addition, the base resistance increased with the increasing
molar ratio of MoS2. The responses of RGMS 5 to 50 ppm H2, 50 ppm CH3COCH3, 10 ppm NO2, and
1000 ppm NH3 at 27 ◦C and 1 V were 3.2%, 17.8%, 29.6%, and 47.9%, respectively.

2.3. Carbon Fibers

Carbon nanofiber-based gas sensors are much less popular with respect to those made with CNTs
and graphene nanosheets [54].

Commercial carbon nanofibers, produced at temperatures above 1100◦C from natural gas and
sulfur in a floating nickel catalyst reactor, with a diameter between 20 and 80 nm and lengths of more
than 30 μm, were first dispersed in 2-propanol and then, deposited over interdigitated silver electrodes
on a PI substrate by means of a spray technique. The formed film was homogenous, with a thickness
of hundreds of nanometers, except for the edges, which were thicker. Two kinds of nanofibers were
tested: one with a graphitization of about 70% (GANF) and one with about 100% (GANFG) [55,56].
A linear increase of the resistance was observed for the GANF and GANFG sensors with the enhancing
water vapor concentration in the range 5–100 RH%. However, a certain drift in the baseline was also
observed, especially for relatively high humidity concentrations. Finally, GANFG displayed a better
response to radiation (visible light and UV rays) and both types of nanofibers presented a better and
faster response and were more repeatable to visible light than UV. It must be underlined that the effect
of radiation cannot be ignored as an interference for sensing applications.

2.4. Carbon Films Produced by Physical Vapor Deposition (PVD)

Films of nanostructured carbon (n-C) were grown from a graphite stick under methane and under
vacuum by a hot filament physical vapor deposition (HFPVD) method on Si (100) substrates with
an SiO2 buffer layer [4,57,58]. Four gold electrodes were then sputtered onto the n-C film. FESEM

85



Micromachines 2019, 10, 232

micrographs of n-C films showed the presence of nanoparticles (with an average size of about 80 nm),
while for the sample grown in vacuum, vertically and well-organized nanohoneycomb structures were
observed (Figure 13). The thickness of the two samples was 550 and 210 nm, respectively. The resistance
of both n-C films changed almost linearly with RH (Figure 13). When RH rose from 11% to 95%, the
resistances of the carbon nanosheets and nanohoneycombs-based sensors increased by 225% and 112%,
respectively (Figure 14).

 

Figure 13. FESEM images of n-C films (thickness 550 nm) grown under CH4 (57.5 Pa). Nanoparticles
with 80 nm size on the surfaces of carbon nanosheets can be observed (a). n-C films with 210 nm
thickness grown in vacuum, nanohoneycomb structures are visible in (b). Reproduced with permission
from [4], published by Elsevier, 2013.

 

Figure 14. Humidity sensing properties of carbon nanosheets and nanohoneycombs-based sensors.
Reproduced with permission from [4], published by Elsevier, 2013.
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The maximum hysteresis was about 3.57% and 6.83% under 50 RH% for the carbon nanosheets
and nanohoneycombs-based films, respectively. The response time when the relative humidity level
changed from 11 to 40 RH% was about 30 s, while the recovery time from 40 to 11 RH% was about 90 s
for the carbon nanosheets film.

Amorphous carbon (a-C) capacitive films were deposited on n-silicon from a cold pressed graphite
powder target by direct current magnetron sputtering at room temperature in [57]. The results showed
that when the RH level changed from 11% to 95%, the junction capacitance showed an increase of
∼200% from ∼1000 pF at RH = 11% to ∼3200 pF at RH = 95%. When the RH amount was enhanced
from 33 to 95%, the capacitance of the junction increased by 68% at a 1 kHz frequency. The response
and recovery times were about 3 and 4 minutes, respectively.

In [58], hydrogenated amorphous carbon films (a-C:H) were made over printed circuit boards by
physical deposition in vapor phase evaporation (PAVD) and plasma pulsed nitriding from graphite
rods irradiated with an electron-beam. The aim of the latter treatment was to dilute the sample,
to increase its resistance, and to modify the microstructure of the surface by interaction with the plasma.
The sensors showed a relative impedance response equal to 0.99 when the RH value changed from 30%
to 90%, when alimented with an AC tension of 1 V at 1 kHz.

N-doped carbon spheres (N-CSs)-poly (vinyl alcohol) (PVA) composites were deposited onto
an epoxy resin/fiber glass board with gold interdigitated electrodes in [59]. First, acetylene gas
(300 mL/min) was bubbled through acetonitrile heated at 80◦C as a nitrogen source to produce N-CSs
and then, was flowed in an argon atmosphere at 900◦C for 10 minutes through a quartz tube [60].
The obtained powder was collected and purified by Soxhlet extraction from toluene for about 48 h,
before being dried under vacuum for 48 h at room temperature [60]. The N-doped carbon spheres
had a diameter of 181 ± 13 nm. The composite sensors were prepared by dispersing N-CSs in PVA
matrix (molecular weight of 1.3 × 105 amu). The dispersion was prepared by adding 6 mg·mL−1

hexadecyltrimethylammonium bromide (CTAB) and 4 mg·mL−1 of N-CSs to water [59]. This solution
was ultrasonicated in an ultrasonic bath at room temperature for 30 min, followed by ultrasonication
for 60 min at 0 ◦C. This dispersion was then left for four days at 10 ◦C, to let the excess surfactant
precipitate in the form of hydrated crystals. After four days, 50% of the total volume of the supernatant
free of hydrated crystals was removed and mixed with 6 mg·mL−1 of PVA in water. The proportion
was chosen to obtain a final N-CSs weight content in PVA of 87%. Finally, sensors were prepared
from the N-CSs/PVA—CTAB by dropping a 20, 30, and 35 μL dispersion on top of two types of gold
interdigitated electrodes (IDEs) with a gap of 0.1 and 0.3 mm. In the RH range from 9% to 97%,
the sensitivity of the sensor with a 0.1 mm gap was 17.1 1/RH%, while the sensitivity of the sensor
with a 0.3 mm gap was 8.7 1/RH%. The response and recovery times were equal to 19 s and 178 s,
respectively, for the IDEs with a 0.1 mm gap. They were then equal to 8 s and 142 s, respectively, when
the IDEs had a gap of 0.3 mm.

An interesting self-powered humidity sensor is described in [61], where an electrical potential of
tens of millivolts can be induced by the adsorption of water molecules on a piece of porous carbon
film (PCF) with two sides functionalized with different functional groups deposited onto an alumina
substrate. PCF was functionalized by simply exposing one half of the PCF to air plasma for one
minute while covering the other half with a polyethylene film. This treatment allocates the plasma
treated region a higher content of oxygen-containing functional groups, mainly –COOH, resulting in
an improved hydrophilicity. The results showed that the water molecules adsorbed on the porous
carbon film facilitate the release of protons from –COOH groups. Then, these protons can be freely
transported through a bridge formed from adsorbed water molecules in porous carbon, while the
–COO− groups on the carbon surface remain negative. The produced voltage is due to two consecutive
processes: proton release and proton transport. Both steps are restricted by the amount of adsorbed
water molecules. Ab initio molecular dynamics modeling revealed that a small amount of water
molecules could facilitate the proton release from the –COOH groups, forming an effective water
bridge for proton transport. These results explain why the voltage remains at zero at low humidity
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values, starts to rise at 94 RH%, and reaches a maximum when the humidity is close to saturation.
Thus, a possible application for these sensors could be as dew point sensors.

2.5. Carbon Black and Biochar

Carbon black-filled polymers have been studied with the aim of developing sensitive and cheap
sensors. Carbon black (CB) impairs electrical conductivity to the film which, at high RH levels, swells
and increases the resistance of the film. In [62], films of CB and the Fe[(Htrz)2(trz)]BF4 complex
(where Htrz = 1,2,4-1H-triazole and trz is the deprotonated triazole ligand) were screen-printed.
The nanoparticles were realized by a reverse micelle method and had an average diameter of 45 nm.
They were dispersed in a commercial carbon black-epoxy ink (ElectroScience Laboratory, ESL RS12113)
and screen-printed on an alumina substrate. While sensors based on carbon-black only tend to reach
saturation at 50 RH% levels, this result was not observed with the sensors based on carbon-black and
Fe(II) compound hybrids. In addition, the latter showed a six-time higher sensitivity compared to the
pristine ones.

In [63], carbon quantum dots (CQDs) films were obtained from two identical graphite rods
(99.99%, Alfa Aesar, 13 cm in length and 0.6 cm in diameter) vertically inserted in an ultrapure water
solution 3 cm above the liquid surface. Both rods were respectively the cathode and the anode of an
electrolytic cell and were separated by 7.5 cm. Then, a static potential of 50 V was imposed on the two
electrodes by a direct current power supply for 10 days under thorough stirring. Finally, the large
graphite particles were removed from the CQDs solution by high speed centrifugation (22,000 rpm).
The concentration of the CQDs in aqueous solution was determined to be about 1.2 mg·mL−1. Finally,
the CQDs films were manufactured by dropping 2 mL of CQDs aqueous solution on a piece of glass
sheet (1 cm × 2 cm), which was then dried at 25 ◦C. The films were 3 μm in thickness.

In the same work, the authors also used 500 mg of candle soot, which was mixed with 100 mL
of 5 M HNO3. As a result, candle soot nanoparticles were functionalized with oxygen-containing
groups by refluxing the fresh candle soot in nitric acid at 100 ◦C for 24 h. After cooling down to room
temperature, the fluorescent carbon nanoparticles were collected by centrifugation (10,000 rpm for
10 min). The films based on candle soot were prepared in the same way as the CQDs.

High-resolution TEM observations evidenced that the resulting CQDs had a uniform particle size
distribution ranging from 4 nm to 8 nm.

At low RH levels, only a few high-energy electrons can accomplish the leap migration process
between neighboring CQDs. Thus, the conductivity of the solid CQDs films in a dry environment is
very low. However, at high RH values, the oxygen-contained groups on the surface of the neighboring
CQDs can form hydrogen bonds with water molecules, significantly favoring the migration of electrons
and then, increasing the conductivity. Because electron migration between adjacent CQDs through
hydrogen bonds is much easier than that through the jumping mode, the conductivity of the CQDs
film sharply increases with the humidity of the surrounding environment.

The CQDs films proved to be highly sensitive to water vapor and showed a linear dependence of
the conductivity with the relative humidity (Figure 15). The oxygen-containing groups on the surface
were considered to be of paramount importance for humidity detection by CQDs. The conductivity
of the CQDs film in a dry environment (below 7 RH%) was close to zero, whereas when the CQDs
film was placed under 95 RH%, it showed a conductivity increase up to ~35 Ω−1·m−1. In addition, the
response and recovery times were measured between 7 and 43 RH% at room temperature and were
equal to ~25 s and ~60 s, respectively. Beside the fast response time, the CQDs-based humidity sensor
also showed an excellent stability, even for a long-term test [63].

A polyvinylpyrrolidone-grafted carbon black (CB-PVP) composite was prepared by a free radical
polymerization reaction [64]. Hydrophilic polyvinylpyrrolidone (PVP) was grafted onto the CB
particles (BP-2000 CB from Cabot Limited Corporation, USA) to obtain a water-dispersible conductive
material. BP-2000 CB material was selected as the conductive material because of its high specific
surface area and small particle size (15–20 nm in diameter). The grafting of PVP onto CB was performed
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as follows: 1.3 g of CB, 5.4 g of N-vinypyrrolidone (NVP), 0.03 g of 2,2′-azobisisobutyronitrile (AIBN),
and 18 mL of tetrahydrofuran (THF) were added to a 100 mL flask and heated at 60 ◦C for 6 h.
Then, the reaction mixture was centrifuged several times to remove the ungrafted polymer and AIBN.
The obtained solids were further purified by Soxhlet extraction with THF for 48 h and dried under
vacuum at 40 ◦C. The content of PVP in CB-PVP particles was about 5.3 wt%.

 
Figure 15. The conductivity of the CQDs film as a function of the relative humidity at room temperature.
Reproduced with permission from [63], published by Elsevier, 2013.

For the sensors’ preparation, an appropriate amount of CB-PVP and PVA was added into a conical
flask with distilled water and then heated at 75 ◦C and kept under stirring for 2 h to form a stable
suspension. After cooling to room temperature, the suspensions (with 3, 5, 6, 7, and 9 wt% of CB-PVP
in PVA) were cast onto clean ceramic substrates (10 mm × 8 mm × 0.8 mm) with a screen-printed
interdigitated array of Ag–Pd electrodes. The thickness of the film was about 30 μm. A six-hour thermal
annealing treatment at 100 ◦C was performed to enhance the stability of CB-PVP/PVA composite films.
The resistance values of composite films were small under low RH levels and increased notably at
a certain RH. When the RH value is low, the PVA film adsorbs a small quantity of water, and the
space between the CB particles is small enough to form conductive channels. With the increase of
RH, the polymers swell and the space between CB particles increases slowly, as does the resistance of
composite films. When the RH level is above 85%, rapid swelling of the composite film leads to a sharp
decrease of CB concentration, so the resistances of composite membranes increase sharply (Figure 16).

 

Figure 16. The resistances of CB-PVP/PVA composite films with different contents of CB as a function
of RH%. Reproduced with permission from [64], published by Elsevier, 2014.

To the best of our knowledge, only a few studies are dealing with the use of biochar materials for
humidity monitoring at room temperature [21,65,66].
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In Afify et al. [65], pyrolyzed bamboo screen-printed thick-films were used as novel humidity
sensors. Split bamboo culms were cut into small pieces (~1–5 mm) and cleaned with distilled water
prior to drying in an oven at 105 ± 5 ◦C for 48 h. The dried bamboo pieces were then pyrolyzed in a
quartz reactor at 800 ◦C for 1 h under an inert atmosphere of argon gas. The carbonized bamboo (CB)
pieces were first manually ground in an agate mortar with an agate pestle, and then by attrition milling
in distilled water for 1 h. Subsequently, the powder was dispersed in an organic solvent (ethylene
glycol monobutyal ether, Emflow), which provides the appropriate rheological properties to the paste.
Once screen-printed onto alumina substrates with platinum interdigitated electrodes, the sensors
were dried in air at room temperature and heat-treated at 300 ◦C in air for 1 h, to remove organic
residues from the solvent. CB sensors showed a significant response towards RH at room temperature
with a cut-off RH at about 10%. The sensors’ resistance started from about 937 kOhm at 0% RH and
decreased to 89 kOhm at 95% RH for CB, while the maximum hysteresis was 28.9% at about 33 RH%.
The response and the recovery times were quite fast (about 2 min), with recovery times always being
shorter with respect to response times. Short response times may be due to the porosity of the film,
which gives great accessibility for water molecules’ adsorption. Fast recovery times indicate that the
process of physisorption was probably the major reason for binding water molecules to the sensing
materials. However, the adhesion onto alumina substrates of these sensing films was minimal and
they could be easily damaged when testing. Thus, their use in commercial products was precluded.

In Ziegler et al. [21], SWP700 (pyrolyzed mixed softwood pellets) and OSR700 (oil seed rape)
commercial biochars (from UK Biochar Research Centre) were used as humidity sensitive materials.
The sensors, screen-printed onto alumina substrates with platinum interdigitated electrodes, exhibited
a p-type behavior at low humidity values (between 5–25 RH% for SWP700 and in the range 5–40 RH%
for OSR sensor). Specifically, for the OSR700 film, the initial impedance under dry air was equal to
163.9 kΩ, and the final impedance under 99 RH% decreased to 9 kΩ, leading to a sensor response
equal to 94.5%, together with a maximum hysteresis of 52% under 59 of RH% (Figure 17). For the SWP
700 film, due to the highest surface area and porosity compared to the previous biochar, the impedance
dropped from 9.5 MΩ in a dry condition to 222 kΩ in a humid environment, with a sensor response of
97.6%. This material exhibited a lower hysteresis, with a maximum value for this parameter of 23%
under 55 RH%. Using SWP700, the biochar most sensitive towards humidity, sensors with different
amounts of PVP were produced (10 and 20 wt% with respect to biochar). The SWP700 sensor with
10 wt% PVP seemed to represent a satisfying compromise between sensitivity towards water vapor
and adhesion of the film onto the substrate (Figure 17).

Figure 17. Sensor response (SR%) towards relative humidity for SWP700 biochar with 10 wt% of PVP.
Reproduced with permission from [21], published by MDPI, 2017.
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No interferences were detected towards 0.5 ppm of ozone, 100 ppm of methane, and 500 and
600 ppm (under dry and humid (40 RH%) air) of carbon dioxide. Only a slight increase in impedance
of 2.6% was evidenced under 50 ppm of ammonia at room temperature.

Finally, in Jagdale et al. [66], waste brewed coffee powder (WBCP) was first washed with water,
centrifuged, and then filtered. Afterward, the WBCP powder was then dried in an oven at 90◦C for 10 h.
The pyrolysis of the material was performed at 700 ◦C for 1 h in nitrogen atmosphere (120 mL/min) with
30 min dwells, respectively, at 250 ◦C and 400 ◦C. After the pyrolysis step, the material was manually
ground, leading to coffee ground biochar, before being screen-printed onto alumina substrates with
platinum interdigitated electrodes. The sensors behaved as n-type semiconductors (Figure 18), with the
conductivity increasing with the humidity level: the sensor response SR% started at around 20 RH%
and reached 51% under humid atmospheres (98% of RH). The impedance decreased from 25.2 MΩ
in dry conditions to 12.3 MΩ, in humid conditions. The high initial impedance value was probably
due to the limited thickness of the sensing film. The maximum hysteresis was equal to 15% under
74 RH%, confirming that the kinetics of desorption is comparable with respect to the adsorption one.
The response and recovery times under 50% of RH were determined and were respectively equal to
4.5 and 1 min. Additionally, negligible interferences were detected towards carbon dioxide 500 ppm,
ozone 200 ppb, nitrogen dioxide 200 ppb, and ammonia 50 ppm with this sensing material.

Figure 18. Sensor response (SR%) towards relative humidity for a coffee ground biochar sensor during
adsorption and desorption cycles. Reproduced with permission from [66], published by MDPI, 2019.

The main features of the different sensors described in this paper are listed in Table 2.
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3. Interaction with Water Molecules

Water molecules can adsorb on the surface of carbon films due to a weak binding of water
hydrogens to surface carbon atoms [4]. In addition, the sensing performances are strongly influenced
by the presence of defects in carbon particles, which could create favorable adsorption sites for water
molecules [4]. At low RH levels, a few water vapor molecules chemically adsorb on the carbon
grain surfaces. Pati et al. [67] suggested a possible charge transfer between the adsorbate and the
carbon film. On carbon nanotubes, H2O molecule adsorption yields a charge transfer to CNTs of
0.033–0.035 electron per water molecule, as demonstrated by theoretical studies and experimental
results [4]. These charge transfer effects determine an increase in the resistance of the CNTs-based gas
sensors [68–71]. In fact, this probably leads to electrons transfer to the valence band and to an increase
of the impedance as the conductivity of p-type semiconductors is determined by holes scattering
through the material. Typically, carbon-based materials contain numerous oxygen derivatives on
their surface. These functional groups can improve the carbon surface hydrophilicity and increase
water vapor molecules adsorption [72]. When these adsorbed water molecules donate electrons to
the valence band of the carbon material, the number of holes decreases and the separation in energy
between the Fermi level and valence band increases [73,74], decreasing the conductivity of the p-type
semiconductor. The higher the RH level, the more water molecules are adsorbed, and more electrons
are transferred, lowering the holes’ concentration and leading to an increase of the resistance value of
samples by raising RH values [4]. An increase in sensitivity towards H2O was also observed upon the
functionalization of pristine CNTs with different molecules [75].

On the contrary, for higher RH levels, when more water molecules are adsorbed on the surface,
a liquid-like multilayer of hydrogen-bonded water molecules will form at room temperature [76].
In addition, these physisorbed water molecules can condense into pores with a size in the range
of 1–250 nm. Since the formation of clusters of H2O and the hydration of H+ into H3O+ are
thermodynamically favored in liquid water, H+ are the dominant charge carriers in the water adsorbed
in the mesopores. As the amount of H+ enhances when increasing the moisture content, H+ can
move freely in liquid water, leading to a decrease of grain surface impedance with heightening RH
values [76].

According to Ref. [77], at high humidity amounts, the conduction is well-described by the
Grotthuss mechanism. It might be that the proton mobility correlates with H-bond cleavage rather
than with its formation, since it enhances when decreasing the H bond content in water, i.e., at higher
temperatures and pressures. The proton mobility is an incoherent proton hopping phenomenon.
The actual proton motion is much faster compared to the solvent reorganization. The rate-limiting
step involves the cleavage of a single H having an activation energy of about 2.6 kCal/mol. During
the elementary transfer step itself, the donor and acceptor H2O with their solvation shells present
equivalent structures. Since the rate-limiting step involves the cleavage of a H bond, but not one in the
first solvation shell, H-bond cleavage in the second solvation shell is the rate-limiting step. This leads
to isomerization of the H9O4

+ cation into H5O2
+ The proof of this phenomenon is more likely to come

from computational chemistry than from any single experiment.
When increasing the concentration of the reducing gas to which the nanotubes are exposed, the

Fermi level may shift and the CNTs could turn from p-type into n-type materials: for instance, in [71],
the response of the composite was p-type at low concentrations of NH3 under low RH values and
switched to n-type in higher humidity conditions. This behavior was attributed to a hole compensation
effect by water molecules [71].

Zhang et al. showed that the resistance reduction of the single-walled carbon nanotube (SWCNTs)
networks is caused by the SWCNTs, while the resistance increase is due to the inter-tube junctions [63].
Then, the overall resistive humidity response of the SWCNT network is the result of a competition
between the SWCNT resistance changes and intertube junction resistances’ variations. In fact, intertube
junctions play a crucial role in limiting the SWCNT network conductance due to the suppression of
intertube carrier hopping caused by water molecules. Covalent modifications to the SWCNTs were
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shown to be able to raise the humidity detection dynamic ranges by increasing the resistance of the
SWCNTs film. These modifications also enhanced the sensitivities of as-grown SWCNT networks to
humidity by increasing their hydrophilicity.

4. Conclusions and Perspectives

Flexible sensors with a high sensitivity, excellent flexibility, acceptable stretchability, and good
stability, can be mounted on the human body or clothing to provide the long-term detection of human
activities and physiological information [12]. Thus, future research aims at developing more sensitive,
selective, and stable humidity sensors able to withstand harsh environments in a wide range of
temperatures and in dynamic operating modes [1]. Though important progress in flexible sensors
based on carbonaceous materials has been achieved, some key issues, including the preparation
processes of carbon materials, the fabrication processes, and the performance of flexible sensors, still
need to be further investigated for practical applications [12]. Mass and cost-effective production of
carbon materials with a high quality is a fundamental prerequisite for these targeted applications. CNT
powders and GO sheets have been embedded in mass production, but the manufacturing processes can
also introduce many defects, significantly affecting their humidity sensing properties. A monolayer and
few-layers of graphene with a high quality are mandatory for fabricating high-performance devices.
However, the current high-cost preparation methods limit their use in view of industrial applications.
In addition, the properties of macroscopic assemblies are clearly lower than those of individual CNTs
or graphene [12].

Moreover, bio-materials (cotton fibers) with macro-scale architectures (woven structures) are
available. After a simple carbonization treatment (pyrolysis), they can be used as active materials
of high-performance flexible sensors [14,15]. As shown, from the pyrolysis of bio-materials, it is
possible to obtain additionally encouraging carbon sensing materials for fabricating high-performance
flexible sensors.

Gas sensors are mainly produced in two ways: solution casting and CVD deposition. Solution casting
processes include simple casting, dropping-drying, spin-coating, and dip-coating. The suspensions for
film casting on certain substrates can be simply produced by direct dispersion of the nanocarbon
components in solvents. These simple and cost-effective methods can be easily scaled-up for industrial
applications [1]. In CVD methods, nanocarbon (CNTs and graphene sheets) layers can be directly
grown on substrates. Solution casting methods are more flexible when preparing composite materials,
while thin-films manufactured by CVD are more uniform and homogeneous [1]. It is expected that
composites of nanocarbons and nanoparticles of polymers and carbonaceous materials should be the
main topic of this research direction, due to the possibility to obtain easily flexible films.

Finally, the integration of flexible sensors with energy conversion and storage devices is required
in view of the practical applications of wearable electronics. However, these self-powered sensors
still require external power for operating the measurement systems and reading the signals [12].
Therefore, the integration of self-powered components, energy storage devices (such as supercapacitors
or batteries), and flexible sensors is of paramount importance for manufacturing wearable systems [12].
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Abstract: As the industry and commercial market move towards the optimization of printing and
additive manufacturing, it becomes important to understand how to obtain the most from the
materials while maintaining the ability to print complex geometries effectively. Combining such a
manufacturing method with advanced carbon materials, such as Graphene, Carbon Nanotubes, and
Carbon fibers, with their mechanical and conductive properties, delivers a cutting-edge combination
of low-cost conductive products. Through the process of printing the effectiveness of these properties
decreases. Thorough optimization is required to determine the idealized ink functional and
flow properties to ensure maximum printability and functionalities offered by carbon nanoforms.
The optimization of these properties then is limited by the printability. By determining the physical
properties of printability and flow properties of the inks, calculated compromises can be made for the
ink design. In this review we have discussed the connection between the rheology of carbon-based
inks and the methodologies for maintaining the maximum pristine carbon material properties.

Keywords: carbon Inks; rheology; additive manufacturing; graphene; carbon nanotubes; printing

1. Introduction

Carbon (C) is a many allotrope material that can exist in various forms. These forms vary from
diamond, an ultra-hard optically isotropic (directionally transparent or opaque) to graphite, a soft grey
material [1]. This high variability in properties gives rise to a similarly high amount of utility. Carbon
allotropes such as Graphene and Carbon nanotubes pose interesting properties in surface areas, tensile
strength, low density, stretchability, thermal conductivity, current density, gas impermeability, and
overall electrical properties [2–7]. An outline of the important properties and potential uses is seen in
Figure 1.

Conventionally, carbon is solid in nature, arising from strong covalent bonds, which makes
printing it alone impossible, with exceptions at extreme temperature and pressure. To utilize these
materials in printing methods, the particles must be suspended in a fluid and used as a vehicle for
printing. This mixture of solid and liquid forms is known as a colloidal system.
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Figure 1. Outline of various forms of carbon (C) used for inks in additive manufacturing and
conventional printing techniques, along with their beneficial properties and potential uses.

Colloidal systems are heterogeneous solutions with a dispersed phase uniformly distributed
throughout the second dispersion phase. This system presents interesting rheological properties, which
bears importance due to the use of these colloidal inks in additive manufacturing and conventional
2D printing processes. Printability determines the finished print quality in terms of porosity, surface
finish, and resolution of geometry. The determination of ideal printability requires tailored rheological
properties while maintaining the intended properties of the novel carbon particles [4–12].

Rheology is the study of the deformation and flow of matter, which holds a great amount of
relevance to ink printing. Designing the flow of inks is of great importance, as the ease at which
the ink flows and stiffens when shaped into the intentional design is key. Efforts to determine the
idealized flow properties must be investigated to ensure maximum printability. A representation of this
compromise of properties for printability is seen in Figure 2. Since these carbon-based inks are colloidal,
a clear understanding of the flow nature of the suspended particles in additive the manufacturing and
conventional printing methods will dictate the overall printability of the carbon allotropes.

Figure 2. Graphical representation of the general relationship of the conductivity trade-off with
printability, in terms of tailoring conductive inks. The variables in the base triangle increase (particle
size (μm), volume fraction (%), and purity (%)) the conductivity increases. Conversely, the printability
increases with decreases in these variables.

This review paper intends to bridge the gap between the rheological importances to printing
inks while maintaining the intended properties of the printed product. It is clear that there is no one
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size fits all when weighing the rheological properties versus the desired properties. One of these
properties is conductivity, as both graphene and carbon nanotubes present usability in semiconductors
and electronic circuits, as examples. A large conductivity range opens the inks to a plethora of
purposes, which require important controls. Previous works investigating this have been done by
Lucja Dybowska-Sarapuk et al. [6], where the various carbon-based inks were compared rheologically.
M.I. Maksud et al. [7] investigated the printability of carbon nanotubes, though understanding how
to optimize the printability of idealized material properties in carbon-based inks is still absent in the
literature. A review paper of relevance was conducted by Derby [8], in which the rheological aspects
of 3D printing ceramics were investigated.

2. Background

The process capabilities of printing go hand in hand with the material’s rheological and mechanical
properties. Printing performance, or the “printability” of ink, is defined by many physical parameters
and fluidic properties, such as density (ρ), viscosity (η) and surface tension (σ). When considering
the carbon-based inks used in 3D printing, these properties must be accounted for to ensure high
printability and resolution [9].

2.1. Rheology

Rheology is the study of flow and the structural properties of viscous materials. To investigate
these flow properties, rotational shear is applied, causing the sample to flow. There are two methods
to investigate flow properties: Linear (oscillatory) and Non-linear (Steady-Shear) [10].

2.1.1. Linear Rheology

Small amplitude oscillatory shear (linear rheology) is widely used in viscoelastic material
characterization. It is a non-destructive method. Due to the small amplitude the deformation does not
exceed the linear viscoelastic region of the material. This is achieved through cyclically varying stress
and strain in a sinusoidal fashion. The material responds elastically to deformation, rather than plastic
deformation within this region. Contributions from the viscous and elastic responses in the material
are measured, this gives both complex modulus G* (comprised of loss and storage) and the phase
angle δ. During this test, the sample is under harmonic strain causing harmonic stress. The harmonic
strain can be represented by:

γ = γ0 sin(ωt) (1)

where γ is the strain, γ0 is the strain amplitude, ω is the angular frequency of oscillation and t is
the time. The stress varies with the same angular frequency, ω, amplitude of σ0. However, it is out
of phase with the strain by an angle, δ. The linear response of the material in terms of stress can be
written as:

σ = σ0 sin(ωt + δ) (2)

This equation is only valid at low strain amplitudes. At larger strains, however, a non-linear
response is observed in the sample. The strength of small amplitude shear oscillation is that the stress
response gives quantifiable material values, in storage (G’) and loss (G”) moduli. These moduli are
the ratios of stress and strain amplitudes, storage being the real (elastic response, in-phase stress) and
loss being the imaginary (viscous response, out-of-phase stress). Equation (2) can be further described
as [12]

σ = G′(ω) sin ωt + G′′(ω) cos ωt (3)

Maxwell created a model based on the linear region of viscoelastic behavior, comparing it to that
of a spring and a dashpot in series, the total strain consisting of the spring strain (ε1) and the dashpot
strain (ε2). With the strain the same in both elements, we are given the equations:
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ε1 = 1
E σ

.
ε2 = 1

η σ ε = ε1 + ε2 (4)

Differentiating the left and right equations above with respect to time and inputting the left and
middle into the right we get:

.
ε =

1
E

.
σ +

1
η

σ (5)

We put this in the standard form with the stress on the left and strain on the right, giving
Maxwell’s equation:

σ +
η

E
.
σ = η

.
ε (6)

η is the viscosity, E is Young’s modulus [12].

2.1.2. Non-Linear Rheology

Steady-state shear experiments consist of a continuous stress sweep. Because the large deformities
created during the test promote deviation for the linear relationship between the shear stress and
shear rate. These deformities make this method non-linear and destructive towards the sample. This
test is commonly applied to complex interfaces like emulsions, foams, biological fluids, polymers
and colloidal particles, and dispersion of vesicles etc., which tend to have a non-linear response to
applied deformations even if they are relatively small. This form of experimentation gives the fluid
type (Newtonian, shear thinning, etc.). The properties related to this are:

Shear rate =
dγ

dt
, Shear stress, σ, viscosity, η

The viscosity is the proportionality constant between the shear rate and the shear stress.

2.2. Rheological Connection to Additive Manufacturing

In this review, the importance of these rheological properties will be discussed via their impact in
3D printing techniques. A factor of practicality to 3D printing is the non-Newtonian fluid type called
“shear-thinning”. Shear-thinning is a phenomenon in which the viscosity of the fluid decreases with
increasing shear stress. Shear thinning can be time-dependent, this behavior is called thixotropic. This
is characterized by the fluidification of the material under shear stress and stiffening at rest. It is a
reversible property of the material [13]. Thixotropic materials show shear rate dependent rheological
properties. Benefits arise from this property in inkjet printing, as the fluid has high viscosity under
standard conditions but low viscosity when passing through the print head. This avoids clogging and
fluidizes through the nozzle. Once the drop is detached from the nozzle, the viscosity increases again,
suppressing satellite drop formations. Solidification, when deposited, is also improved [14].

Shear thinning suppresses satellite droplets, as shown by Hoath et al. and confirmed with work
from Morrison and Harlen [8,9]. Satellite drops are partial, unintended droplets between the drop
stream formed from surface tension. These shear thinning effects on satellite droplets formation have
been studied by Hoath et al. in aqueous PEDOT:PSS. These satellites reduce printability performance,
in terms of resolution [15].

2.3. Factors Affecting Rheology

2.3.1. Temperature

Viscosity is highly sensitive to temperature, making it a very important factor in processing
conditions and end result quality. An increase in temperature creates thermal motion of the
molecules, resulting in a displacement that overcomes the intermolecular interactions. With increasing
temperature, viscosity decreases, as predicted by the Arrhenius equation:
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η = η∞e
Ea
RT (7)

where η is the viscosity, η∞ is the pre-exponential factor, Ea is the activation energy for flow, R is
the universal gas constant, and T is the absolute temperature in Kelvin and the Boltzmann constant
R [9,10]. This equation assumes that there are no physical/chemical changes being induced by the
applied heat energy.

2.3.2. Pressure

Viscosity is largely dependent on the free volume of the system. Since the free volume of a system
is influenced by pressure, the viscosity is pressure dependent. The pressure reduces free volume and
as a result, it reduces molecular mobility. This, however, becomes noticeable only at high pressures.
The rise in pressure increases both the Tg and Tm, which also reflects an increase of viscosity [16].
Viscosity generally increases with increasing pressure; the general correlation is given by:

η = A′
0eB′

0 p (8)

where A′
0 and B′

0 are constant and p is the pressure.

2.3.3. pH

From one investigation by Alias et al., the dependence of pH on rheology was observed to
be that friction increases with increasing pH. Highly acidic graphene suspensions showed lower
friction/viscosity. This is associated with higher pH increasing agglomeration and reduced dispersions.
As seen in Figure 3. In low pH levels, graphene oxide (GO) sees better dispersion in distilled water,
reducing the friction coefficient.

Figure 3. Dependence of the flow behavior on pH level of graphene oxide (GO) in water lubrication,
from this graph we observe the trend of higher friction being created. Taken from Aias et al. open
access © University Malaysia Pahang Publishing, Malaysia [17].

2.3.4. Topography & Shape of the Suspension

The viscosity of the colloidal systems is also dependent on the topography and shape of the
suspended particles. From Reinhardt et al., a correlation between the shape of a suspended particle
(flakes suspensions as in graphene-based inks) and its viscosity are determined, shown below in

Figure 4 [18]. This shows that the shear-thinning behavior in the shear rate γ
·
< 1 s−1 is intensified for

flake suspensions, giving similar viscosity within the shear-thinning region, while generally having
higher viscosity compared to the sphere-shaped suspensions, as seen in Figure 4. This would likely be
associated with the high particle aspect ratio involved with flakes. Particle-particle effects increase
due to the orientating of the flakes at higher shear rates, this creates a second Newtonian plateau in
the colloid. This specific shear thinning region becomes important when considering manufacturing
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parameters, as the shear rate is design specific. Although, this applies to the zero-shear rate, this does
not describe the effects of the shear rates above the linear viscoelastic region. Steady shear causes
de-agglomeration and alignment behaviors of large agglomerates causing strong shear thinning [19].

Figure 4. General relationship of viscosity and shear rate, for flake suspension versus smooth sphere
suspension (Sketch representation of the general trend concluded from Ran Niu et al. [19]).

2.3.5. Surface Tension in Printing

Surface tension is an important property for the additive manufacturing printing process, as it
can affect the printability and formation on the substrate. Higher surface tension shrinks more rapidly
and has a far shorter tail, which leads to fewer satellite droplets. Higher surface tension in the nozzle
obtains higher printability and resolution with fewer defects from satellite drops. Leakage and liquid
accumulation at the nozzle are also problems associated with low surface tension, or viscosity for that
matter [13,14]. The effects of surface tension on ink droplet formation are depicted in Figure 5.

 
Figure 5. Comparison of droplet volume to satellite volumes with increasing surface tension.
As droplets are calculated by their diameter in additive manufacturing, the satellite droplets and
tail are not accounted for and cause error. For effective printing, the closer the droplet can realize a
spherical shape, the less the error.

On the other side, high surface tension leads to problems on the substrate, as surface wettability
decreases. This can lead to the agglomeration of the printed droplets. The high contact angle formed
by the drops due to high surface tension causes the droplets to combine together, either decreasing
resolution or causing an error in the build [20]. On the other hand, high wettability increases the
image resolution due to lower ink spreading. As concluded by Vafaei et al., as wettability decreases,
continuous lines become more difficult to print. It is also noted that the cross-sectional area and volume
of printed lines increases with decreasing wettability [20].
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The surface tension of the substrate also plays an important role during ink-jet printing.
The surface must have higher surface tension than the ink, along with attractive forces to allow
for transfer, which in turn gives good adhesion of the print to the substrate. Wettability of the droplets
to the surface can determine the feature size (resolution) and cross-section. The values of surface
tensions and solubility for various solvents of interest are given in Table 1.

Table 1. Surface tensions and solubility parameters of solvents for GO, reduced graphene oxide (rGO).
Adapted from Konios et al. [21].

Solvent
Surface Tension

(mN/m)
GO Solubility

(μg/mL)
rGO Solubility

(μg/mL)

De-ionized water 72.8 6.6 4.74
Acetone 25.2 0.8 0.9

Methanol 22.7 0.16 0.52
Ethanol 22.1 0.25 0.91

2-propanol 21.66 1.82 1.2
Ethylene glycol 47.7 5.5 4.9

Tetrahydrofuran (THF) 26.4 2.15 1.44
N,N-dimethyformamide (DMF) 37.1 1.96 1.73
N-methyl-2-pyrrolidone (NMP) 40.1 8.7 9.4

n-Hexane 18.43 0.1 0.61
Dichloromethane (DCM) 26.5 0.21 1.16

Chloroform 27.5 1.3 4.6
Toluene 28.4 1.57 4.14

Chlorobenzene (CB) 33.6 1.62 3.4
o-Dichlorobenzene (o-DCB) 36.7 1.91 8.94
1-Chloronaphthalene (CN) 41.8 1.8 8.1

Acetylaceton 31.2 1.5 1.02
Diethyl ether 17 0.72 0.4

2.4. Relation to Inkjet Printing

The importance of characterizing rheological properties is well known in additive manufacturing.
Carefully measured rheological parameters are paramount for simulations, which are becoming an
integral part of the additive manufacturing process recently. In additive manufacturing, the ink is
subjected to shear flow over a wide range of shear rates, which is described through steady-state jetting.
The knowledge of rheological properties is essential for process design and optimization. To estimate
the value of Force F exerted on a fluid, for a real jet discharge from a small orifice, of area A and
uniform velocity V, the following equation is used:

F
2πρv2 ≈ 1

2π

AV2

v2 (9)

where ρ and v are the density and dimensional consistency constant. The mass flux through this orifice
too can be defined:

ρAV =
F
V

(10)

The dimensionless parameter F
2πρv2 in Equation (9) is known as the Reynolds number, this is

generally depicted as:

Re =
ρVL

η
(11)

where V, L, and η is the velocity of the fluid with respect to the object (m/s), characteristic linear
dimension (m) and the dynamic viscosity of the fluid (Pa·s), respectively [22]. Low values for the
Reynolds number signify high viscosity, high values signify low viscosity, which usually leads to
satellite droplet formation. For an idealized printability though, this number alone does not tell the
whole story.
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Another dimensionless value of interest is the Weber number, which is the characteristic number
describing droplet formation ability. Two forces form the basis of the Weber number, one being the
fluid-mechanical force and the other being surface tension. When a liquid flows through a second
fluid phase, either a gas or a liquid, then the fluid-mechanical force FA causes the drops to deform and
ultimately disperse:

FA =
1
2

Cw
π

4
L2ρv2 (12)

Cw, L, ρ and v is the Drag coefficient, Characteristics length, Density and Flow rate respectively. Surface
tension involves a cohesion force Fk, opposes the increase in surface area, which is caused by the falling
deformation. The droplet is held together by:

Fk = πLσ (13)

The Weber number is the ratio of these forces and hold the following relation: [22]

We =
8FA

CwFk
=

ρv2L
σ

(14)

A combination of Reynolds and Weber numbers provide an understanding of fluid drop formation,
the Ohnesorge number, defined as:

Oh =

√
We

Re
=

η√
ρLσ

(15)

where η and σ are the dynamic viscosity and surface tension of the fluid, respectively [22]. This value is
normally utilized as its inverse Z = 1/Oh, where 1 < Z < 10 are the limits to stable drop formation [23].
This idealized region for printability is seen in Figure 6.

Figure 6. Graphical representation of the idealized region for stable printing, where 1 < Z < 10, the
inverse of the Ohnesorge number. The depicted blue area is the Goldilocks zone for 3D printing.

These equations describe few of the defining properties of printability for an ink like dynamic
viscosity, density, characteristic linear dimension (Nozzle diameter), and surface tension. The accuracy
of the calculations from the above equations is dependent on the printing parameters such as the
waveform and temperature, which also have an effect on the printability [24]. The values are not
ubiquitous, Lee et al. have shown nozzle clogging causing nonjetting even in viable Z values.
The observed printability at a Z range of 2.5 < Z < 26 for Newtonian fluids, however, they were
unable to jet colloidal ZnO suspensions for the identical range [4].
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The Carbon-based colloidal suspensions present issues in terms of printability and their
rheological properties. The largest problem associated with printing carbon-based inks is clogging of
the nozzle and print head. Clogging occurs as a result of the suspended carbon particles agglomerating,
preventing an even flow through the print head. Special care must be taken for designing carbon-based
inks, to ensure consistent flow. Another rheological issue is satellite or unintentional trailing droplets,
arising from low viscosity, which compromises the print accuracy and precision. The additions of
surfactants in the ink to improve particle distribution further exasperate the issue since they lead to
larger satellite drops [25]. Viscosity and density ratios also play a major role in droplet formation.
Low-density ratio leads to larger satellite droplet formations, similarly, lower ink viscosity has been
reported to give way for easier satellite droplet formation [26]. On the other hand, low viscosity is a
necessity for printability, therefore compromises have to be made, and all important parameters like
conductivity, mechanical strength, flexibility, particle size, flow properties must be carefully optimized
(as shown in Figure 2) during the ink design process to suit a specific printer. Speed and precision of
print rely heavily on the ink viscosity, with pinching speed of droplets being proportional to surface
tension and inversely proportional to viscosity [27]. Typical viscosities for ink-jet printing are between
5 and 20 mPa·s and surface tensions of 25 to 35 mN/m. Though much like Z-numbers, this is not a
ubiquitous rule for 3D printing [28]. The zero shear viscosity of various printable carbon inks is shown
in Table 2.

Table 2. Examples from the literature of 3D printable carbon nanoform suspensions (zero
shear viscosity).

Carbon Form Ink Method Zero Shear Viscosity/Pa·s Reference

Graphene

Organic solvent ~18.5 [29]
Organic solvent + dispersant ~6 -

Water 0.5% 0.478 mPa·s [30]
Water 1% ~ 0.52 mPa·s -

Water 1.5% ~ 0.56 mPa·s -

Graphene Oxide

LC viscoelastic gel 2 mg/mL ~3.8 [31]
LC viscoelastic gel 9 mg/mL ~100 -

PMMA matrix 0.05% GO ~80 [32]
PMMA matrix 1.2% GO ~20,000 -

Carbon Nanotubes

epoxy resin 0.3% treated CNT 20 [33]
PIB 1.7% MWCNT ~1 [34]
PIB 3.0% MWCNT ~7 -
PIB 6.0% MWCNT ~900 -

PDMS 1% MWCNT ~10 [35]
PDMS 4% MWCNT 30–40 -

Carbon Black
Poly-acrylate, 5.3% spherical ~0.6 [36]
Poly-acrylate, 11% spherical ~6000 -

At a given shear rate through the nozzle of radius (R) and length L, the pressure required to
extrude a shear thinning liquid, such as carbon-based suspensions, can be calculated by:

Δp =
8ηQL
πR4 (16)

where Q is the volumetric flow rate and η is the viscosity [37]. This equation presents the importance
of the radius and length of the nozzle in ink design. The radius of the nozzle is a major factor for
printing resolution and droplet formation.

Methods for producing droplets from the printing nozzle can be split into three methods. One is
continuous inkjet printing, where a continuous ink stream is broken into droplets of uniform size and
spacing [38]. The nozzle is held at a potential relative to ground that transfers charge to the drops.
Deflector plates are utilized to steer droplets, as due to the continuous flow of drops, unwanted drops
are deflected into a gutter to be recycled back.
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Another method of producing droplets is drop-on-demand technologies, allowing the printhead
to produce singular droplets. This process is normally driven by the application of voltage pulses to a
piezoelectric actuator, creating pressure through its mechanical motions. Optimization of voltage is
required dependent on material, nozzle dimensions and environment [39]. Ejected columns of liquid
are pinched off to form a drop. The volume ranges are from 1 pL–1 nL, with a diameter range of
10–100 μm [40].

Modeling plays a role in optimizing these nozzles, with issues such as clogging. Computer-based
simulation allows for rapid experimentation and parameter variation in an aim to optimize and
predict the most effective system. Barati et al. [41] presented a model for reducing clogging through
transient simulation. Looking at the wall-fluid adhesion mechanisms and interactions, clogging could
be simulated, and nozzle design can be varied so as to reduce clogging. Simulations are then followed
up by a validation experiment, verifying the simulations results [42].

3. Carbon Based Inks

3.1. Carbon Based Inks—A Colloidal Suspension

Carbon conventionally is a hard solid in nature, which stems from the covalent bonding between
carbon atoms. Direct printing of carbon alone would be impossible, with the exception of extreme
combinations of temperature and pressure. Hence, to utilize carbon forms in additive manufacturing,
the particles must be assisted by a liquid, acting as a vehicle to make printing possible. This combination
of solid particles in a liquid is known as a colloidal system.

3.1.1. Colloidal Systems

A colloid is a heterogeneous solution, with a dispersed phase uniformly distributed throughout
the second medium, the dispersion phase. When the dispersed phase is smaller than 1nm in diameter,
the system assumes the properties of a true solution. Conversely, when this dispersion is larger than
1000 nm, the separation is large enough that it is considered a suspension. Suspensions containing
much larger solid particles or high solid content can form sedimentation [43].

3.1.2. Einstein Viscosity & the Krieger–Dougherty Equation

From the energy dissipation calculation of suspensions, Einstein derived that a dilute suspension
of rigid spherical particles behaves as a Newtonian fluid with relative viscosity (ηr) represented by the
following equation:

ηr = 1 + 2.5Φ (17)

where Φ is the volume fraction of the dispersed phase. This assumes that all particles are separated by
such a distance so that there is no interaction between them.

Φ = n4π
a3

3
(18)

where n is the number density of particles and a is the particle radius [44]. When looking for
higher particle concentrations, Krieger and Dougherty proposed a semi-empirical equation for the
concentration dependence of the viscosity:

ηr =

(
1 − Φ

Φmax

)−2.5Φmax

(19)

where Φmax is the maximum packing fraction or the volume fraction at which the zero shear viscosity
diverges. When particle packing density is low, this reduces to the Einstein relation. Approaching
the maximum volume fraction Φmax the particle packing density is such that the dispersion flow
is impossible and ηr → ∞ [45]. This increase in viscosity is attributed with the increase in particle
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concentration in a suspension. The restriction in the relative motion of the particles results in an
increase of the particle collision in the suspension, subsequently leading to an increase in the frictional
forces. The theoretical models explaining colloidal systems assume hard sphere systems that only
interact through hydrodynamics, where the distribution of particles is highly sensitive to the shape,
size, and surface charge of the particles in suspension [44]. However, real colloidal suspensions lack
the hard sphere shape, which further affects aggregation and flocculation at higher concentrations
of particles and significantly alters the system’s flow properties. This promotes non-Newtonian
rheological behavior.

Adding particles in the ink does not simply increase the viscosity of the liquid as a result of the
hydrodynamic disturbance of the flow, it can also be a cause for a deviation from the Newtonian
behavior, including shear rate dependent viscosity, elasticity, and time-dependent rheological behavior.
Colloidal dispersions at low to moderate volume fraction exhibit shear-thinning behavior analogous
to low viscous liquids. On the other hand at high concentrations they behave like solids, which require
higher stress to start the flow. The rheological behavior of a suspension is strongly dependent on
the nature of colloidal interactions attraction. Depending on whether the colloidal interactions are
attractive or repulsive, the particles can form different structures, which determine the rheological
behavior of the material [46].

3.2. Graphene

Graphene is a transparent two-dimensional sheet of carbon atoms arranged in hexagons.
Graphene is the single layer equivalent of graphite. Much interest and research have been conducted
on graphene due to its exceptional electrical and mechanical properties. Because of these properties,
there is a growing interest in additive manufacturing and printing, opening possibilities to light, strong,
and conductive builds.

Jakus et al. [47] demonstrated 3D printed biocompatible scaffolds from graphene inks, which show
in vivo compatibility over at least 30 days. This opens up biomedical usages of graphene printed inks,
which can be applied to in vitro and in vivo tissue regenerative engineering applications. The potential
biocompatibility of Graphene opens completely new realms of applicability for graphene due to its
combination of conductivity and printability. Though, there are other reports in the literature that
conflict on this biocompatibility, with factors such as surface functionalization (which reduces toxicity
and is in most cases a must for functional use), size and shape all playing effective roles in possible
toxicity. [48] Zhang et al. and Shen et al. [22,23] discussed the potential for graphene-based inks in drug
deliverance, gene therapy, cancer therapy, tissue engineering, biosensing, and bioimaging. Recently,
Graphene 3D Labs have produced conductive graphene composite filaments for Fused Filament
Fabrication in the commercial market.

3.3. Graphene Oxide

Graphene oxide is a functionalized Graphene, created through the oxidation of graphite.
The oxidation expands layer separation in the graphite and makes the layers hydrophilic, allowing
for dispersion in water. Sonication exfoliates the graphite further, creating single and few-layer GO.
Importantly to the functional use of GO, the lower the oxygen content, the more conductive. GO forms
non-covalent networks with optimum rheological properties with respect to printing. Shear thinning
behavior of the colloidal suspensions along with the relatively high storage modulus (G’) gives strong
printability and self-supporting structures. Reduced graphene oxide (rGO) is the restoration of pristine
graphene properties to GO through the reduction, removal of Oxide. This is of value due to the ease at
which GO can be handled and suspended in water, but the need to recuperate conductivity properties
in the end product [29,30].

Due to the highly anisotropic nature of graphene sheets, with the thickness of the sheet being
in single atomic layers and the lateral being in the micrometers scale, the properties of the graphene
oxide are dependent on how it is assembled. Careful control of the assembly of the flakes then is
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of necessity, as agglomerations, bends and crimples will affect the properties of the final product.
For additive manufacturing, the directional dispersion of the flakes after printing is crucial to the
effective properties. Kim et al. [49] studied the surface activity of GO in a suspension and have shown
that graphene aligns with gas bubbles. GO inks have also been used in electronics, with lithium-ion
battery electrodes fabricated through the use of high viscosity GO-based electrode inks by Fu et al. [50].

Using 2D and 3D graphene printed inks, both planar and volumetric structures can potentially
be made with this material. Graphene retains mechanical flexibility, high electrical conductivity, and
stability to thermal and chemical effects after deposition [51]. Due to Graphene’s mechanical properties,
its use in composites for printing mechanical reinforcement is well documented [2,30,31].

Interest is also around the flexible nature of graphene prints. The combination of conductivity
and its flexible nature open new paradigms of consumer electronic capabilities. This conductive and
flexible nature was investigated by Secor et al. for inkjet printing. They developed a graphene/EC
powder that was produced at room temperature and was capable of stable jetting of features, boasting
excellent printability and geometrical shaping [52]. On the toxicity of Graphene and Graphene Oxide,
the available data is still insufficient for conclusive answers [53].

Table 2 presents the conductivity of reduced graphene oxide-based inks, from
Fernandez-Merino et al. [54].

The higher concentration of rGO is key to higher conductivity. The conductivity of 100% rGO
far exceeds the conductivity at lower concentrations, rGO/SDS closest, with similarly high rGO
concentrations in wt%. Uddin et al. [55], studied the impact of surfactant on conductivity, as shown in
Table 3. Covalent dispersion techniques also are investigated, from work by Kuila et al. [56] in Table 4.

Table 3. This is a table presenting the Conductivity properties of various tested reduced graphene
oxide-based inks. Reproduced with permission from M.J.Fernández-Merino et al., Carbon; published
by Elsevier, 2012 [54].

Film rGO (wt%) Conductivity (S·m−1) Specific Capacitance (F·g−1)

rGO 100 7548 38
rGO/PBA 36 13.31 1
rGO/DOC 47 0.06 1

rGO/TDOC 36 2.18 3
rGO/PSS 41 10.51 114

rGO/SDBS 29 0.87 7
rGO/SDS 87 4679 46

rGO/CHAPS 36 0.92 2
rGO/DBDM 11 0.01 3
rGO/P-123 38 5.53 12

rGO/Brij 700 10 1.08 6
rGO/Tween 80 13 0.41 95

Table 4. Comparison of materials of absorbed surfactant and electrical conductivity. Reproduced with
permission from Md. Elias Uddin et al., Journal of Alloys and Compounds; published by Elsevier,
2013 [55].

Sample Adsorbed Surfactant (%) Conductivity (S·m−1)

GO 34.34 0.002
CR-G - 4760

SDBS-0.25-G 7.02 108
SDBS-0.5-G 6.13 106
SDBS-1-G 9.31 97

SDS-0.25-G 17.41 94
SDBS-0.5-G 17.93 93
SDBS-1-G 21.62 95

TRX-0.25-G 9.63 98
TRX-0.5-G 9.63 92
TRX-1-G 9.37 89
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3.4. Carbon Nanotubes

Carbon nanotubes (CNT) are similar to Graphene with great interest and research being conducted
due to its extraordinary, electrical, optoelectronic, and biosensing capabilities [25–27]. There is a wealth
of literature on the mechanical, electrical, and thermal properties of carbon nanotubes [45,46]. Owing to
these properties, a whole plethora of applications where carbon nanotubes could be used. Additive
CNTs are often combined with the polymers to form strong, electrically conductive composites [5] or
in water suspensions for nanoelectronics and sensors [57].

Inkjet printing of carbon nanotubes has been demonstrated, notably by Kordas et al., to create
conductive patterns, [58] using carboxylated Multi-Wall Carbon Nanotubes (MWCNTs). The notable
advantage of CNTs over other conventional conductive inks is the lack of carbon nanotubes to require
curing. Electrically conductive CNT-based inks have been designed for dip coating and screen-printing
methods by Shin et al. [59]. These samples proved to be highly flexible, bendable, and stretchable
while maintaining electrical connectivity and very little change in resistance. Single-Walled Carbon
Nanotubes (SWCNTs) have been printed with inkjet printers as a thin film, the flexible electrode on
cloth by Chen et al. [60]. Control over geometry and pattern, in this case, showed promise for wearable
energy storage, as a printable electrochemical capacitor.

3.5. Carbon Black

Carbon black is a finely particulate paracrystalline carbon produced by the incomplete combustion
of heavy petroleum products or vegetable oil. [61] Carbon black has been used as part of compounds
due to its additional mechanical strength, conductivity, black pigmentation, and absorption of
ultraviolet light [44,45]. Talarico et al. have designed carbon black based electrochemical sensors
by using a screen printing process. Printing energy storage devices and supercapacitors have also
been fabricated from carbon black inks [46,47]. Inkjet printed carbon black composites have also been
used as a catalyst layer in fuel cells due to their high conductivity and corrosion resistance, presented
by Taylor et al. [62]. One of the advantages of carbon black is that it has a history of being used in
lithographic inks and black inkjet printers, the printing process is well established.

3.6. Carbon Fiber

Carbon fiber is a well-established and go-to engineering material due to its high strength
mechanical properties and light-weight. Using carbon fibers in additive manufacturing is still less
established though. However, the strength of carbon fiber comes from the length of the fibers, however,
the additive manufacturing process requires a small enough length of the fibers, however, the additive
manufacturing process requires a small enough length to fit through the nozzle of the printer; therefore,
compromises have to be made on the printing speed.

Tekinalp et al. achieved highly orientated carbon fiber-polymers (0.2–0.4 mm) through Fused
Filament Fabrication (FFF). Additive manufacturing here controls the orientation and allows for good
dispersions, but also presents higher porosity, which is detrimental to the improvement seen in the
orientation [63].

Because of the relation of carbon fibers strength with length and orientation, printing methods
with continuous carbon fibers have been investigated. A methodology for in-nozzle impregnation
has been demonstrated by Matsuzaki et al. wherein, the carbon fiber is fed through the nozzle with
polylactic acid (PLA) in one continuous line [64]. Through the printing of carbon fiber with PLA,
Tian et al. tested and optimized conditions necessary for continuous fiber printing [65]. Table 5
summarizes the relationship of conductivity with print thickness for various type of ink compositions.
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Table 5. Comparison of covalent dispersion techniques dispersibility and electrical conductivity.
Reproduced with permission from Tapas Kuila et al., Progress in Materials Science; published by
Elsevier, 2012 [56].

Modification
Techniques

Modifying Agent Dispersing Medium
Dispersibility

(mg/mL)
Electrical Conductivity

(S·m−1)

Nucleophilic
Substitution

Alkyl amine/amino acid CHCl3, THF,
toluene, DCM - -

4-Aminobenzene
sulfonic acid Water 0.2 -

4,4’-Diaminodiphenyl
ether Xylene, methanol 0.1 -

POA THF 0.2 -
Allylamine Water, DMF 1.55 -

APTS Water, ethanol,
DMF, DMSO 0.5 -

IL-NH2 Water, DMF, DMSO 0.5 -
PLL Water 0.5 -

Dopamine Water 0.05 -
Polyglycerol Water 3 -

Poly(norepinephrine)
Water, methanol,

acetone, DMF,
NMP, THF

0.1 -

Electrophilic
Substitution

ANS Water 3 145
4-Bromo aniline DMF 0.02 -
Sulfanilic acid Water 2 1250

NMP Ethanol, DMF, NMP,
PC, THF 0.2–1.4 21,600

Condensation
Reaction

Organic isocyanate DMF, NMP,
DMSO, HMPA 1 (DMF) -

Organic diisocyanate DMF - 1.9 × 104

ODA THF, CCl4,
1,2-dichloroethane 0.5 (THF) -

TMEDA THF 0.2 -
PEG-NH2 Water 1 -

CS Water 2
TPAPAM THF - -
β-CD Water, acetone, DMF 1 (DMF) -

α-CD, β-CD, γ-CD Water, ethanol, DMF,
DMSO >2.5 -

PVA Water, DMSO - -
TPP-NH2 DMF - -

Adenine, cystine,
nicotamide, OVA Water 0.1 -

Addition Reaction

POA THF 0.2 -

Polyacetylene Ortho dichlorobenzene
(O-DCB) 0.1 -

Aryne DMF, O-DCB 0.4 -
Cyclopropanated

malonate
Toluene, O-DCB,

DMF, DCM 0.5 -

Looking at all samples, a comparison of the methodology of a few ink compositions was made,
observing the conductivity found in Table 5.

4. Problems Associated with Printing Carbon Based Inks

4.1. Agglomeration

One of the major concerns for carbon-based inks is its reaction with the liquid medium in which
it is suspended. Due to the hydrophilic nature of aromatic carbon forms, water, the first choice for
ink suspension, however, water-based inks suffer agglomeration. Water-based inks are ideally suited
due to their environmentally friendly nature, the ease at which they can be stored and handled [66].
Agglomeration is a challenge both for additive manufacturing due to limitations of the nozzle area
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and in graphene, the restacking of sheets to form graphite, which possesses inferior properties [67].
One method for avoiding the hydrophilic nature of graphene is through functionalization of the
graphene sheets, an example of such is graphene oxide, as discussed earlier on [26,68]. The oxidation
of graphene results in a reduction in the conductivity, which is undesirable.

Similarly, for CNTs, three methods are taken to counter this problem. One is the functionalization
of the side walls of the CNT. This is generally done with Carboxylation, the addition of hydrophilic
carboxyl (−COOH) groups to the carbon nanotube walls. Carboxylation can prove to be
counterproductive as it decreases the conductivity and hence, effectiveness [58].

Sonication is another method commonly used for CNTs and graphene-based inks. Sonification
is the irradiation of a liquid sample with ultrasonic (>20 kHz) waves. These high-frequency sound
waves propagate in the liquid, resulting in high-pressure and low-pressure cycles, creating agitation in
the medium [69]. Another common solution to avoid agglomeration is the addition of dispersants in
the solvent to avoid agglomeration. The use of polymers and surfactants have been utilized to this end,
by coating the CNTs, Van der Waal forces can be suppressed [70]. The presence of both hydrophilic
heads and hydrophobic tails in the dispersants are known to disperse the CNTs and colloids in the
inks with a huge reduction in agglomeration [71].

On the other hand, the problem of hydrophobicity altogether by utilizing organic solvents in the
inks in place of water. Organic solvents can avoid the conglomeration of the CNTs effectively without
functionalization and there is no compromise on the conductivity. The organic solvent molecules are
attracted to the surface of the CNT due to its hydrophobic nature, which prevents the Van der Waal
attraction of the CNTs [63,64].

Though organic solvents present their own set of problems, as they pose a hazard to the
environment and health. Careful cartridge design and disposal are of importance since most of
the organic solvents can potentially be highly corrosive. These hazards need to be properly addressed,
especially when the potential use is in medical applications. Most of the organic solvents are highly
volatile and evaporate faster, despite lower surface tension compared to water. The evaporation rate of
the solvents needs to be properly optimized according to the printing method, otherwise, the ink may
clog the nozzle and agglomeration could result through a loss of solvent [65,72].

4.2. Maintaining Suspension and Dispersion

The initial aggregation rate for GO flakes can be described as:

kaN0 ∝
(

dRh(t)
dt

)
t→0

(20)

where N0 is the initial particle concentration, Rh hydrodynamic radius. From this the aggregation
attachment efficiency α (quantification of particle aggregation kinetics)

α =
1

W
=

ka

ka, f ast
=

1
N0

(
dRh(t)

dt

)
t→0

1
(N0) f ast

(
dRh(t)

dt

)
t→0, f ast

(21)

“fast” here refers to favorable aggregation conditions [73].
The shelf life of a 3D ink is also important for practical use in industry. The main concern

with carbon-based suspensions is the stability, the settling, and agglomeration of particles with time.
Methods such as solvents that maintain constant dispersion [74] dispersing using sonication [71] or
the addition of copolymers to increase stability [75]. Su et al. conducted testing on colloidal stabilities
of high concentration graphene inks, 1 mg/L–3 mg/L suspensions have a constant distribution for at
least as an hour, whereas concentrations of graphene above 3 mg/L only have a shelf life of less than
one minute [76]. An environmental impact study into GO in water by Chowdhury et al. investigated
the stability of GO nanoparticles in various water types, 10 mg/L was shown to be stable in fresh
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water for almost a month [77]. Comparisons of different dispersion methods for carbon-based inks are
shown in Table 6.

Table 6. Various carbon based ink examples from the literature, showing the relationship of ink medium
with conductivity and film.

Carbon Form Ink
Conductivity

(S·m−1)
Thickness of

Prints
Reference

Graphene

Pristine ~40,000 - [72]
GO + water ~400 20 prints [78]

Few layer GO + water ~875 20 prints [78]
G + NMP (Substrate O2 plasma treated) ~0.08 50 nm [79]

G + NMP (Substrate Pristine) ~30 50 nm [79]
G + NMP (Substrated HMDS-coated) ~95 50 nm [79]

G + Cyrene 37,000 7.8 μm [80]

Carbon Nanotube

SWNT + water + SDBS (substrate paper) ~550 50 nm [81]
MWCNT 12% + PAN + DMF ~100 300 nm [82]
MWCNT 89% + PAN + DMF ~333 300 nm [82]
MWCNT + aqueous solution 2400 ± 180 10 μm [59]

Carbon Black Cold microwave plasma, CO2 1.7% 256 - [83]

Silver Ag microparticles + Organic binder +
solvent (Substrate PET/glass) 46,700 Screen

printed [84]

4.3. Health, Safety, and Environmental Concerns

As mentioned previously, the biocompatibility of carbon nanoforms still requires further
investigation. A review into the potential insurability of such nanoparticles has been carried out
by Mullins et al., in which the minimization of exposure and framework for the transfer of technology
is established [85]. The extent or potential of harm from these nanoforms could potentially damage the
use of graphene and CNTs in personal electrical and medical devices. Graphene presents a number of
potential issues ranging from environmental risks and toxicity, due to the nanoscale, which also reveals
the difficulties related to removing and filtering the particles [86]. CNTs can also cause damage due
to their scale, with oxidation stress and biocompatibility. Factors that appear to affect this are length,
diameter, purity, production method, and functionalization, and that by modifying these factors,
CNTs may be safe for human use [87]. The majority of the solvents that are utilized in printable inks
technology present environmental health risks, [88] from handling to evaporation, hazards pertain.

Though, accounting for well-established inks and historical influence, printing is an
environmentally damaging operation, especially when considering the heavy metals and volatile
organic solvents involved [80,81]. Comparing the other conductive inks utilized in additive
manufacturing, silver nanoparticles similarly contain potential hazards to the environment [89]. The
relative unknown level of environmental risk from Carbon nanoforms is comparatively lower than the
established heavy metal and organic solvent hazards [90].

5. Applications of Printable Carbon Inks

5.1. Electronics

Digital circuits have been printed using CNT at sub-3V voltages by Ha et al. onto plastic
substrates [91]. Nanowires have been printed as nano-arches using rGO suspended in water by
Kim et al. [92]. These nanowires were functionalized in a gas sensor prototype as a 3D transducer.

5.1.1. Transistors

Printed Graphene thin film transistors have been demonstrated to have electron mobility up to
~95 cm2V−1s−1 by Torrisi et al. [79]. The fabrication of field effect transistors through inkjet printing
of graphene has numerous examples. [93–95] Carbon nanotubes are also presenting very promising
results as thin film transistor, exhibiting properties similar to CMOS devices [93,94]. Showing the

115



Micromachines 2019, 10, 99

potential viability of flexible, transparent electronics, created from additive manufacturing carbon
based inks. Paper printable transistors of carbon black and rGO have been developed, presenting
the flexibility of carbon transistors developed through additive manufacturing [96]. With graphene
being suggested as the long term air to silicon in conventional computing, [97] additive manufactured
transistors will allow for rapid testing and design.

5.1.2. Sensors

Sensors have been designed using polymer/carbon black composites, by Loffredo et al. [98].
Highly stretchable sensors based on embedded based on embedded 3D printing of carbon-based
resistive ink within an elastomer [99]. Graphene in this ink is used to add conductivity along with its
elastic properties to retain the desired elastomers use. GO and FGO based inks have been shown to be
designable for sensors directly with standard office inkjet printers while maintaining high electrical
conductivity [78]. Glucose biosensors are one such example of carbon-based ink demonstrating the
practical electrical properties of GOs from inkjet printing [100].

5.1.3. Electrodes

The first work into GO-based electrode inks for use in lithium-ion battery prototypes using
3D printing has been designed by Fu et al. with optimization of the viscosity and viscoelastic
properties [50]. This 3D printed electrode exhibited stable cyclic performance with an LTO anode,
with specific capacities of ≈160 mAhg−1 (LFP) and ≈170 mAg−1 (LTO). Electrodes made from 3D
printed graphene/PLA were demonstrated by Browne et al., these were electrochemically treated
for higher conductivity [101]. Carbon nanotube inks present numerous examples of electrode
capabilities [102–104].

5.1.4. Supercapacitor

Yao et al. in 2018 printed a record-breaking capacitance with a graphene-based scaffold and
pseudocapacitive electrodes of Manganese Oxide (MnO2). This shows promise for the feasibility of
practical pseudocapacitive electrodes [105]. This was further improved upon with the “wrapping” of
the supercapacitor with CNTs [106]. GO has also been utilized in the design of All-Solid-State, flexible
Micro-supercapacitors. Pei et al. [107] demonstrated this using a carbon-based hybrid ink using GO,
showing promising potential for lightweight energy storage. A novelty of additive manufacturing
allows for full packaging of electrical components during the printing process, supercapacitors of this
elk have been designed by Chen et al. for SW-CNTs [108].

5.2. Biological Scaffolding

Lee et al. utilized Multi-Wall CNTs (MWCNT) with PEGDA polymer to print an electroconductive
scaffold for nerve regeneration through therapeutic electrical stimulation [109]. Similar lines to this,
Ho et al. fabricated a composite scaffold using CNT and polycaprolactone (PCL) with biological
compatibilities to cardiac tissue engineering using a CNT based 3D ink [110]. Bone cell growth has
been presented using PCL-hydroxyapatite scaffolds filled with CNTs, to stimulate cell growth [111].
Graphene too can be utilized for cell regeneration, with Jakus et al. showing the possible use of
graphene-based inks in biological scaffolding [7]. The carbon forms are utilized in each of these
composites act to add conductivity and protein absorption to the polymers, promoting faster cell
growth. Conductivity is important to stimulate cells with electrical pulses. A summary of various
applications of carbon inks suggested in the literature are shown in Table 7.
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Table 7. A table presenting the advantages and disadvantages of methods of dispersing carbon-based
materials, adapted from Liang et al. under open access © School of Materials Science and Engineering,
Southwest Jiaotong University, Chengdu 610031, China [112].

Dispersion
Method

Mechanism Advantage Disadvantage

Physical methods Applying physical force to separate
agglomerated graphene Simple operation

Low dispersion rate and
possible damage to

nanoparticles

Covalent
bonding methods

Introducing various active groups
by chemical reaction on the surface

or edge of the graphene

Making the graphene
more workable and

operable

Causing damage to the initial
structure of the graphene

Noncovalent
bonding methods

Modifying the graphene’s structure
with functionalized molecules

through non-covalent interaction

Functionalizing
carbon forms,

allowing ease of use

Introduces other components
and impurities to the

carbon forms

Summating the applications of carbon based inks is seen in Table 8 below.

Table 8. Summary table for possible applications for carbon-based inks.

Carbon Form Ink Method Application Reference

Graphene

rGO + water Nanowire arches [92]
Graphene/h-BN + NMP + ethanol Transistor [93]

N-Methylpyrrolidone Transistor [79]
PBT/Graphene composite Conductive polymer [113]

GO + water Lithium ion battery electrodes [50]
Graphene/PLA Electrodes [101]
Graphene/PLA Energy storage [114]

Graphene + Hypromellose, aerogel suspension Pseudocapacitive Electrodes [105]
Graphene + poly-lactide-co-glycolide Electrical and biomedical scaffolding -

Carbon
Nanotubes

PEDOT:PSS Digital circuit [91]
PBT/CNT composite Conductive polymer [113]

Amine functionalization
MWCNT/PEGDA matrix Nerve regeneration scaffolding [109]

CNT + PCL in chloroform Cardiac tissue scaffolding [110]
PCL-hydroxyapatite scaffold + CNT Stimulate bone cell growth [111]

Carbon Black
Polymer-carbon black Chemical sensor [99]

Conductive carbon grease
(Dimethylpolysiloxane) Strain sensor [99]

Carbon Fibers
Active carbon + water supercapacitor [115]

Epoxy Lightweight cellular composites,
controlled alignment [116]

6. Conclusions

Since its inception in the 1980s, additive manufacturing has become a technology of choice due to
its ability for the rapid prototyping (RP) of complex shapes and geometry directly from Computer
Aided Design (CAD). Despite huge interest, the technology still suffers some technological barriers that
hinder its use in wider applications. Main areas of concern are quality of materials (inks), limitations of
equipment, optimization of the manufacturing process and lack of self-correction during the printing
process. These limitations needed to be addressed through improvements in the instrument design
and optimization of the process.

In this paper, state of the art additive manufacturing of carbon based materials is described.
Carbon nanoforms possess huge potential for industrial application through the creation of superior
properties in advanced composites. One of the key properties of carbon nanoforms that makes
them suitable for many applications is that they offer a range in conductivities of the printed
materials, however, it is strongly size dependent. The particle size on the other hand controls
the ink rheology and printability. Therefore, due to the nature of the composites, printing process
compromises are made to the properties of these idealized carbon forms to make them printable.
The paper also discusses the reliance of printability on the rheological and flow properties of the ink.
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The rheological characterization and understanding of the flow behavior at various shear rates and
material loadings helps to assess ink processability and optimization of the process design. Another
reason for understanding material rheology is to simulate and link the flow behavior with the actual
printing process which is becoming an integral part of the additive manufacturing process. The paper
highlights several issues encountered by graphene and carbon nanotube-based materials, one of the
main problems being their poor solubility in water, which leads to problems in terms of rheology and
dispersion. While the oxidation of these nanoforms improves it, oxidation has a negative effect on
conductivity, a pivotal property of the material for many applications. With considerate design of the
material and slurry, carbon based ink can be optimized to produce inks with the desired properties.
The combination of high quality inks with versatile design capabilities and additive manufacturing
could revolutionize the consumer, medical, and industrial electronics.
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Abstract: Transparent conducting electrodes (TCEs) are the most important key component in
photovoltaic and display technology. In particular, graphene has been considered as a viable
substitute for indium tin oxide (ITO) due to its optical transparency, excellent electrical conductivity,
and chemical stability. The outstanding mechanical strength of graphene also provides an opportunity
to apply it as a flexible electrode in wearable electronic devices. At the early stage of the development,
TCE films that were produced only with graphene or graphene oxide (GO) were mainly reported.
However, since then, the hybrid structure of graphene or GO mixed with other TCE materials has
been investigated to further improve TCE performance by complementing the shortcomings of each
material. This review provides a summary of the fabrication technology and the performance of
various TCE films prepared with graphene-related materials, including graphene that is grown
by chemical vapor deposition (CVD) and GO or reduced GO (rGO) dispersed solution and their
composite with other TCE materials, such as carbon nanotubes, metal nanowires, and other
conductive organic/inorganic material. Finally, several representative applications of the graphene-
based TCE films are introduced, including solar cells, organic light-emitting diodes (OLEDs),
and electrochromic devices.

Keywords: transparent conducting electrode; flexible electrode; graphene; optoelectronic device

1. Introduction

Transparent conductive materials have been extensively used as essential components of
optoelectronic devices, such as liquid crystal displays, touch panels, organic light-emitting diodes
(OLEDs), and solar cells. Furthermore, the development of foldable or wearable displays and
photoelectric devices has led to a need for electronic conductors that are transparent as well as
stretchable. Owing to its relatively high electrical conductivity and transparency, indium tin oxide
(ITO) is considered as a standard transparent electrode material for such devices. However, the high
cost of raw materials, poor mechanical flexibility, and relatively high temperature of ITO deposition
significantly limit the scope of its practical applications. For this reason, it has been attempted to use
various kinds of nanoscale materials, such as carbon nanotubes (CNT), graphene, metal nanowires,
metal nanogrids, and thin films as a replacement for ITO in transparent conducting electrodes
(TCEs) [1–18]. Of these, CNT-based transparent electrodes showed the TCE performance, with a sheet
resistance of 24 Ω·Sq−1 at 83% transmittance [18]. TCEs that are composed of randomly distributed
metal nanowire networks have also been reported to have high optical transparency, low sheet
resistance, and excellent mechanical flexibility [9,16,17]. However, silver or copper nanowires are
easily damaged by moisture and external mechanical impact and their adhesion to the plastic substrate
is poor [19–23]. Graphene-based electrodes have been investigated using the liquid suspension of
graphene and macro-scale graphene synthesized via chemical vapor deposition (CVD) [12,24–28].
Liquid-based suspensions of graphene have an advantage in coating, as they would enable relatively
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low-cost methods of spin coating, roll-to-roll processing, and printing to be used. Additionally, CVD
graphene has excellent physical properties, namely a sheet resistance of 30 Ω·Sq−1 at 90% transmittance,
and thus is a promising candidate for TCE technology [12].

Despite the fact that TCEs based on graphene are easy to process, low in cost, and have excellent
stability, they have a disadvantage in that the sheet resistance is larger than that of metal-based
transparent electrodes that exhibit the same level of transparency [29]. Therefore, in recent years,
an attempt has been made to complement the shortcomings and disadvantages of each material
by constructing a hybrid structure of metallic nanostructure and graphene or graphene oxide (GO)
or reduced GO (rGO) [3,30]. It has been reported that the performance of TCEs is improved by
hybridizing organic and inorganic materials, such as ITO and poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) with graphene [31,32].

This paper will review the fabrication methods of TCEs using graphene or GO (or rGO), which
have been studied previously, and the optical, electrical, and mechanical properties with their limited
application. Next, recent studies that have attempted to overcome the limitations of TCEs made with
graphene or GO (or rGO) by introducing hybrid TCEs containing other materials are summarized.
The performances of various hybrid TCEs that are based on graphene are summarized in Table 1.
Lastly, various applications in optics and optoelectronics, especially in several newly emerging areas,
such as electrochromic devices, are addressed along with their challenges and prospects in these fields.

Table 1. The performance of transparent conducting electrodes (TCEs) based on graphene-related
materials. CVD–chemical vapor deposition, DETA–diethylenetriamine, rGO–reduced graphene
oxide, CNT–carbon nanotubes, SWNT–single-walled carbon nanotubes, MWNT–multi-walled carbon
nanotubes, NW–nanowire, GP–Graphene, PEDOT:PSS–poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate, ITO–indium tin oxide.

Material Details
Deposition/Transfer

Techniques
Sheet Resistance

(Ω·sq−1)
Transmission (%) Ref.

CVD
graphene

HNO3 doping Dry transfer/thermal
release tape ~30 (4-layers) 90 [12]

Cu catayst Polymer-free transfer 810 (1-layer)
230 (4-layers)

97.4 (1-layer)
89.4 (4-layers) [33]

Cu catalyst, HNO3 doping Clean-lifting transfer 50 (4-layers) ~90 (4-layers) [34]

Cu catalyst Roll-to-Roll green
transfer 97.5 5.2k [35]

Ni catalyst Wet transfer 500 75 [28]
No catalyst Direct CVD 370–510 82 [36]

No catalyst, 400–600 ◦C Direct CVD 5.2k 84.6 [37]
Ni/C films on dielectrics Transfer-free growth 50 96 [38]

Cu-Ni alloy Wet transfer 409 96.7 [39]
Layer-by-layer, acid-doping Wet transfer 80 (4-layers) 90 (4-layers) [40]

Dual n-doping
(NH2-SAMs/DETA) Wet transfer 86 ± 39 96 [41]

rGO

Theraml reduction of GO Spin -coating 102–103 80 [42]
rGO/POEGMA layer Dip-coating 23.8k 90 [43]

Thermal reduction of GO Filtration 43k 95 [44]
Thermal reduction of GO Dip-coating 1.8 ± 0.08k 70.7 [45]

Graphene/
CNT

Graphene growh on SWNT Wet transfer 300 96.4 [46]
Graphene flake/SWNT Filtration 100 80 [47]

CVD Synthesis Wet transfer ~600 95.8 [48]
Thermal reduction of rGO on

MWNT
Electrostatic
adsorption 151k 93 [48]

Chemically converted
grpahene/SWNT hybrid

suspension
Spin-coating 636 92 [49]

Ultralarge GO/SWNT Langmuir-Blodgett 180–560 77–86 [50]
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Table 1. Cont.

Material Details
Deposition/Transfer

Techniques
Sheet Resistance

(Ω·sq−1)
Transmission (%) Ref.

Graphan/
metallic

nano-
structure

CVD graphene on AgNW - 22 88 [51]
AgNW on GP - 33 94 [52]
GP on AgNW - 64 ± 6.1 93.6 [53]

Roll-to-roll encapsulation - 8 94 [54]
Graphene/CuNW -Core/shell

structure - 36 79 [55]

Graphene/CuNW
Embedded structure - 25 82 [56]

Ag-mesh/Graphene - 5.39 (GP on mesh)
4.54 (Mesh on GP)

88.1 (GP on mesh)
89.3 (Mesh on GP) [57]

Graphene/
organics

Graphene/PEDOT:PSS,
hybrid ink Spray coating 600 80 [58]

rGO/PEDOT:PSS, hybrid ink Filtration 2.3k 80 [59]
PEDOT:PSS supproting layer

on CVD graphene Wet transfer 80 ± 4 84.6 [60]

Graphene/
inorganics

CVD graphene on ITO film - 76.46 88.25 [61]
ITO nanoparticle on CVD

graphene - 522.21 85 [62]

2. Fabrication of Graphene-Based Transparent Conducting Electrodes (TCEs)

2.1. Chemical Vapor Deposition (CVD) Graphene-Based TCEs

CVD graphene is usually produced by flowing hydrocarbon gas onto a transition metal catalyst
in a high-temperature furnace, which has been regarded as the most promising way to synthesize
high-quality large-area graphene [12,63–66]. CVD graphene that is grown on transition metals, such as
Ni, Cu, Pt, and Co, can be used as a TCE after transferring it onto the desired transparent substrate by
removing the underlying metal [67].

In the first report on CVD graphene, multiple layers of graphene were grown on a Ni substrate
via carbon dissolution and segregation using a Ni catalyst by a CVD process [48,68]. However,
Ni possesses high carbon solubility, which makes it difficult to control the number of graphene
layers. Thus, a mixture of monolayer graphene and multilayer graphene were formed on Ni foil.
A breakthrough in CVD graphene has been achieved by developing synthetic ways of producing
large-area monolayer graphene on a Cu foil using a roll-to-roll method [12,64,69–74]. Unlike Ni, Cu has
a low carbon solubility, which makes it possible to grow monolayer graphene with a grain size of
several centimeters on Cu foil using a mixture of methane and hydrogen gas at a high temperature
of 1000◦C as shown in Figures 1a–c and 2; the sheet resistance was reported to be 125 Ω·sq−1 at
97.4% transparency [12]. It has also been demonstrated that Cu–Ni alloy can be used to produce
monolayer and multilayer graphene using CVD with methane gas as precursor, since the carbon
solubility can be controlled by adjusting the atomic fraction of Ni in Cu (Figure 1d) [39,75–79]. For
example, Chen et al. presented the CVD synthesis of large-area, primarily bilayer, graphene on Cu–Ni
foil by the use of a cold-wall reactor with methane and hydrogen as precursors [74]. Additionally,
Cho et al. recently reported that extremely thin Cu–Ni alloy film could promote the formation of
monolayer graphene, regardless of alloying contents by constraining the total amount of carbon that
was absorbed into the film [78]. There have also been various attempts to directly grow graphene on a
glass substrate [36–38,80]. Recently, it was reported by Sun et al. that large-area and uniform graphene
film could be directly grown on glass substrate using catalyst-free atmospheric CVD (APCVD), with
the resulting material presenting a sheet resistance of 370–510 Ω·sq−1 at a transmittance of 82% [36,38].
In comparison, annealing-based capping-metal catalyzed synthesis provides a fairy high quality
of graphene. Xiong et al. showed that monolayer graphene that was grown on various dielectric
substrates via rapid thermal process of substrate coated with amorphous carbon and Ni thin films
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exhibited a low sheet resistance of ~50 Ω·sq−1 at 95.8% transparency [37]. However, the processing
temperature of 1100 ◦C was too high and not applicable to glass and plastic substrates.

Figure 1. (a) Copper foil enclosure prior to insertion in the furnace. (b) Schematic of the chemical
vapor deposition (CVD) system for graphene on copper. (c) SEM image of graphene on copper grown
by CVD. Graphene grown at 1035 ◦C on Cu at an average growth rate of ~6 μm/min. Reproduced
with the permission of Reference [65], Copyright 2011. American Chemical Society (d) Morphology
and layer distribution of various few layers graphene segregated from Cu-Ni alloy at 900 ◦C after
transfer to 300 nm SiO2/Si substrate. Reproduced with the permission of Reference [76]. Copyright
2011, American Chemical Society.

 

Figure 2. (a) Copper foil wrapping around a 7.5-inch quartz tube to be inserted into a 8-inch quartz
reactor. The lower image shows the stage in which the copper foil reacts with CH4 and H2 gases at high
temperatures. (b) Roll-to-roll transfer of graphene films from a thermal release tape to a polyethylene
terephthalate (PET) film at 120 ◦C. (c) A transparent ultralarge-area graphene film transferred on
a 35-inch PET sheet. Reproduced with the permission of Reference [12]. Copyright 2010, Nature
Publishing Group.
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In order to utilize CVD graphene grown on catalyst metal as a TCE, a transfer step is required
to separate graphene film from the catalyst metal and move it to a transparent substrate, such as
glass or polyethylene terephthalate (PET) [3,33,52,67,81–85]. Generally, a polymer-support layer is
employed to protect the graphene from the external force during the transfer process. After coating
the graphene onto the catalyst metal with a protective layer, such as polydimethylsiloxane (PDMS) or
poly(methylmethacrylate) (PMMA), a metal catalyst, such as Cu or Ni, is etched away using a chemical
etchant, such as HCl, HNO3, etc. The as-prepared polymer/graphene film after etching the metal
catalyst is cleaned with deionized (DI) water and then transferred onto the target substrate. After
removing the supporting polymer layer by organic solvent, only some polymer residues are left on
the substrate for use as TCEs [67,80,82]. However, one of the disadvantages of this polymer-support
transfer method is that polymer residues and defects are generated on graphene [52]. Therefore,
various methods have been devised for transferring graphene without a support layer, which are called
“polymer-free” methods as described in Figure 3; for example, a thermal release tape-assisted transfer,
using a tape with specific adhesives that strongly adheres to substrates at room temperature while
losing adhesion at high temperature, and a metal-assisted transfer method, using a metal as a protective
layer instead of a polymer [83,85]. In particular, the thermal release tape-assisted transfer method is
likely to be suitable for large-scale production because it can inherit the roll-to-roll (R2R) production
process for graphene growth [62,63]. For instance, Bae et al. have successfully demonstrated the R2R
production and coating of CVD graphene onto flexible substrate using a thermal release tape-assisted
transfer method (Figure 2) [12]. Additionally, Lin et al. transferred the graphene to the substrate using
“graphite holder”, in which monolayer graphene was etched and the etchant was pulled out to be
replaced by mixed solvents when the solution was pulled out with the syringe [82]. Although the
polymer-free transferred graphene exhibits superior electronic characteristics, the size and shape of
the transferred graphene film is limited by the graphite holder. Furthermore, Wang et al. developed a
unique “clean-lifting transfer” technique using a controllable electrostatic attraction force to transfer
graphene film on various rigid or flexible substrates [81]. In this method, the graphene is attracted to
the negatively charged target substrate by the electrostatic force during the transfer process. However,
there was a problem with the “polymer-free” transfer method, in that the graphene was deformed
easily by external force, such as liquid fluctuation, during metal etching because of the lack of a
support layer. Therefore, the development of the “transfer-free” method is crucial for promoting
the application of graphene, although the transfer process will still play an important role in the
production of graphene devices before the “transfer-free” method becomes mature.

2.2. Graphene Oxide-Based TCEs

Another potential way of producing graphene film on a large scale for TCEs is to deposit GO
sheets on the desired substrate and then reduce them using thermal and chemical methods [45,86,87].
Since GO with hydrophilic properties is easily dispersed in water or other organic solvents, it has
the advantage that GO solutions can be easily made into a large-area film using a liquid-based,
cost-effective method.
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Figure 3. Schematic illustration of (a) the polymer-free transfer process, (b) the roll-to-roll delamination
of copper and graphene onto ethylene-vinyl acetate (EVA)/polyethylene terephthalate (PET) substrate,
and (c) the clean-lifting transfer process of as-grown graphene on copper foil onto a substrate.
Reproduced with the permission of Reference [33,35,81]. Copyright 2014, American Chemical Society.
Copyright 2015, 2013, Wiley-VCH.

In general, GO is synthesized by oxidizing graphite with strong acids, followed by intercalation
and exfoliation in water, which is represented by the Brodie, Staudenmaier, or Hummers method
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(Figure 4a) [88,89]. All three methods involve the oxidation of graphite to various levels [90,91].
The polar oxygen functional groups of GO that are produced by the oxidation process, that is, epoxy
and hydroxyl group on the base plane and carboxyl group at the edge, cause it to be exfoliated and
disperse well in water and other polar solvents with the assistance of ultrasonic agitation. The prepared
GO suspension is then uniformly deposited on an arbitrary substrate while controlling the thickness of
GO films for the subsequent TCE production [42,44]. Methods of coating the GO suspension with a film
include spin coating, spray coating, dip coating, electrophoretic deposition, Langmuir–Blodgett (LB)
assembly, etc. [42,45,92–96]. Spin coating and spray coating are the most convenient ways to deposit a
thin film on a substrate from liquid suspension. In particular, spray coating has been proposed as a
suitable method for production scale, owing to its fast, scalable, and easy operation [92,93]. Dip coating
is also a popular way of coating a GO film on a rigid or flexible substrate, including the immersion of a
substrate into GO suspension, the draining of remaining suspension, and the drying of a substrate [94].
However, it was found to be very hard to avoid the partial aggregation and wrinkling or folding of the
GO sheet during the spray, spin, or dip coating due to the high flexibility of the sheet. Electrophoretic
deposition is performed through the migration of GO sheets in a suspension toward the positive
electrode when a direct current (DC) voltage is applied [95]. Despite the many advantages of this
technique in film preparation, such as high deposition rate, thickness controllability, and convenience
in scaling-up, electrophoretic deposition is limited by the fact that only conductive substrates, such
as ITO-coated glass, Al, Ni, and stainless steel are applicable for TCE fabrication. LB assembly is
a sophisticated method which allows continuous and uniform film to be deposited on an arbitrary
substrate, in which GO sheets floating on water are compressed by LB trough until the desired surface
pressure is reached to realize the uniform deposition of GO sheets [96,97].

Figure 4. (a) Preparation of graphene by chemical reduction of graphene oxide synthesized by
Hummers’ method. Reproduced with the permission of Reference [98]. Copyright 2012, Royal
Society of Chemistry. (b) SEM images of reduced graphene oxide-P (rGO-P) bilayer film deposited
on undoped Si wafer. (c) High-resolution C 1s spectra of rGO-P bilayer film. (d) Ultraviolet–visible
(UV−vis) transmittance spectra of GP bilayer film (I) and rGO-P bilayer film (II). Reproduced with the
permission of Reference [43]. Copyright 2018, American Chemical Society.
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Since GO thin film is electrically insulating, it is necessary to reduce it using the thermal and
chemical method to recover its conductivity for TCE application. Chemical and thermal reduction
is the most common way of reducing GO thin film [97]. In the chemical reduction process, various
inorganic and organic reducing agents are applied, such as phenyl hydrazine, hydrazine hydrate,
sodium borohydride, ascorbic acid, glucose, hydroxylamine, hydroquinone, pyrrole, amino acids,
strongly alkaline solution, and urea [99,100]. However, the chemical reduction is not sufficient to
completely recover graphene from GO, and it leaves a substantial amount of residual functionality of
epoxy and hydroxyl and carbonyl groups. Thermal reduction by annealing is generally regarded as a
more efficient way to reduce GO than chemical reduction [101,102]. Many researchers have reported
that the conductivity of GO thin film increases with annealing temperature in a vacuum or reducing
atmosphere. In a recent report, rGO thin film exhibited a conductivity of up to 104 S·cm−1 and a
transparency on the level of 90% after annealing at 1100 ◦C under Ar or N gas flow (Figure 3b–d) [43].
However, since most thermal reduction is carried out at high temperature above 1000 ◦C for a relatively
long time, this approach is not applicable for plastic substrates for flexible TCEs. Other methods have
been attempted to reduce GO, such as microwave-assisted heating and the removal of the functional
group using a photocatalyst, such as TiO2 [43,103].

2.3. Chemical Doping of Graphene

Although the graphene films that were prepared using the methods described in Sections 2.1
and 2.2 possess excellent electrical properties and high transparency, their sheet resistance is still too
high for the sheets to be used as TCEs. One approach to reduce the sheet resistance of graphene
film is post- chemical doping of graphene after transferring it to the desired substrate. The chemical
doping of graphene, achieved using chemical species, is classified with surface transfer doping and
substitutional doping [104,105]. Surface doping is achieved by charge transfer between graphene and
a dopant that is absorbed on the surface of graphene. Graphene can be p-type or n-type doped via
chemical doping, depending on the relative position of density of states (DOS) of the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of the dopant and the
Fermi level of graphene. If the HOMO of a dopant is above the Fermi level of graphene, hole transfers
take place from the dopant to the graphene, inducing the p-type doping of graphene. If the LUMO of
a dopant is below the Fermi level of graphene, then electron transfer takes place from the dopant to
the graphene, inducing the n-type doping of graphene.

The resistance of graphene is significantly decreased by charge transfer leading to the p-type
doping of graphene when the graphene is exposed to HNO3, NO2, SOBr2, Br2, and I2 [105–108]. Karsy
et al. demonstrated that an eight-stacked layer of graphene which was interlayer-doped with HNO3

exhibited a sheet resistance of 90 Ω·sq−1 at a transmittance of 80% [106]. As described in Figure 5a,
through the layer-by-layer doping of four layers of graphene with HNO3, a sheet resistance of graphene
of 80 Ω·sq−1 was achieved at a transmittance of 90% [108]. Redox dopants, such as AuCl3 and AgNO3,
were also found to lower the sheet resistance of graphene TCEs when graphene was immersed in
AuCl3 or AgNO3 solution and Au3+ was reduced to form Au nanoparticles on graphene by charge
transfer from graphene [109,110]. Surface-adsorbed molecules with electron withdrawing groups can
induce a p-type doping effect in graphene. Tetrafluoro-tetra-cyanoquiondimethane (F4-TCNQ) is a
strong electron acceptor that is widely used to improve the performance of graphene TCEs for various
devices [111–113]. For instance, by using the local density functional theory, Pinto et al. demonstrated
that a charge transfer of 0.3 holes/molecule occurs between graphene and F4-TCNQ, which is in
agreement with the experimental findings on F4-TCNQ [112]. Graphene can be doped with electrons,
that is, n-type doping, via donors such as potassium, ethanol, and ammonia [41,114,115]. Additionally,
polymers with amine groups can be used to produce electron-doped graphene. For example, Jo et al.
demonstrated a stable and strong n-type doping method with pentaethylene hexamine (PEHA), which
reduced the sheet resistance of graphene by up to ~400% compared to pristine graphene [116]. The
dual-side n-doping of graphene with diethylenetriamine (DETA) on the top and amine-functionalized
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self-assembled monolayers (SAMs) at the bottom has been developed to enhance the conductivity of
graphene. This method resulted in a sheet resistance as low as ~86 Ω·sq−1 with a transmittance of
~96% (Figure 5b–e) [41].

 
Figure 5. (a) Schematic illustrating the interlayer doping methods. The sample is exposed to nitric
acid after each layer is stacked. (b) Illustration of the graphene band structure, showing the change in
the Fermi level due to chemical p-type doping. Reproduced with the permission of Reference [105].
Copyright 2010, American Chemical Society. (c) Dual-side doped graphene (left) and graphical
representation of the molecular structure of the dopants on the both sides of graphene (right).
(d) Histogram of the sheet resistance of graphene doped by NH2-SAMs, diethylenetriamine (DETA),
and DETA/NH2-SAMs (dual-side doped). (e) Averages and distributions of the sheet resistance plot
of four different types of graphene field-effect transistors (FETs). Reproduced with the permission of
Reference [41]. Copyright 2014, Royal Society of Chemistry.

3. TCEs of Graphene-Related Materials Hybridized with Other Materials

Combining graphene and other conductive materials can overcome the drawbacks of each
individual material. Based on this concept, the hybridization of graphene with various materials,
including metal nanowires, carbon nanotubes, and conductive organic and inorganic materials,
has been attempted to enhance the conductivity and the optical characteristics of TCEs.
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3.1. Hybridization of Graphene with Carbon Nanotubes

CNTs have delivered high axial carrier motilities, making them an obvious choice for use as TCEs.
However, TCE films consisting of CNTs have a spiderweb-like network structure with many voids
between nanotube bundles; the presence of these voids contributes to the high transparency of CNT
films, but restrain the conductance of the films. Meanwhile, CVD graphene presents a fundamental
limitation in transmittance and sheet resistance due to its polycrystalline structure, making it difficult
to compete with ITO.

To overcome these shortcomings of each substance, a composite that is based on polycrystalline
CVD graphene and a subpercolating network of nanowires has been demonstrated, in which nanowires
provide the number of electronic pathways to bridge the percolating bottleneck, such as high resistance
grain boundary, resulting in reduced resistance while maintaining high transmittance [46,47,51,117].
Kim et al. synthesized a graphene hybrid film by growing graphene using thermal chemical vapor
deposition on Cu foil that was coated with single-walled CNTs (SWNTs). The SWNT/graphene hybrid
film exhibited superior TCE properties, with a sheet resistance of 300 Ω·sq−1 and transmittance of
96.4%, as compared to graphene spin-coated with SWCNTs, which had a sheet resistance of 1100 Ω·sq−1

and a transmittance of 96.2%. This is presumably due to the low contact resistance between graphene
and SWNTs in the hybrid film [47]. Another type of CNT/graphene hybrid film, which has been named
as rebar graphene sheets synthesized by annealing the functionalized multi-walled CNT (MWNT) on
Cu foil without an exogenous carbon source, has been reported to have ~95.8% transmittance with
a sheet resistance of ~600 Ω·sq−1 [118]. Kholmavnov et al. also reported that when CVD graphene
is on the top of the MWNT sheet layer (the “G/MWNT” configuration), it significantly modified the
MWNT sheet, giving rise to better electrical and optical properties than the reversed structure of the
“MWNT/G” configuration [119].

There have also been several attempts to form a nanocomposite comprised of carbon nanotubes
and rGO or chemically converted GO (CCG) as shown in Figure 6. The rGO/MWNT double layer was
prepared by the sequential electrostatic adsorption of negatively charged GO and positively charged
MWNTs on the substrate, followed by the reduction of GO in hydrazine solutions and annealing
under an argon atmosphere. The sheet resistance of the rGO/MWNT thin films had the lowest
value of 151 kΩ·sq−1 for a 60 μg/mL concentration of aminated MWNT, with a transparency of
93% at a wavelength of 550 nm [48]. Another approach to combine CCG and CNT is to produce
hybrid suspension of CCG and CNTs (called G-CNT), as reported by Tung et al. [49]. The stable
G-CNT dispersion in hydrazine was readily deposited on a variety of substrates by spin-coating and
subsequently heated to 150 ◦C to remove excess solvents. The G-CNT film had an optical transmittance
of 92% and a sheet resistance of 636 Ω·sq−1, which is two orders of magnitude lower than that of the
analogous vapor-reduced GO film. This vast improvement in sheet resistance for the G-CNT film is
presumably due to the formation of an extended conjugated network with individual CNTs bridging
the gap between graphene sheets.

The method of LB assembly was also employed to deposit GO and SWNT in a layer-by-layer
manner (Figure 6a). Zheng et al. prepared ultra-large GO sheet/SWNT hybrid films using the LB
assembly technique, in which COOH-functionalized SWNTs were crucial for the successful deposition
of SWNT layers [50]. The GO/SWNT hybrid film on the substrate was subsequently thermally reduced
by heating at 1100 ◦C to achieve graphitization. A remarkable transmittance, exceeding 90% at a
wavelength of 550 nm, was delivered by the 0.5–1.5 bilayer hybrid films and decreased gradually
with increasing numbers of bilayers. However, the sheet resistance of the 1.5-bilayer hybrid film was
~600 Ω·sq−1, requiring further improvement by additional acid treatment or doping.
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Figure 6. (a) Flow chart for the synthesis of ultra-large GO (UL-GO)/SWNT hybrid films using
Langmuir–Blodgett (LB) assembly. Reproduced with the permission of Reference [50]. Copyright
2012, Royal Society of Chemistry. (b) SEM images of the graphene oxide multi-walled carbon
nanotubes (GO/MWNT) double on 500 nm SiO2/Si substrates that were pretreated with 10 Mm
3-aminopropyltriethoxysilane. (c) A photograph of a large, transparent rGO/MWNT electrode
fabricated on a 4 in quartz wafer. Reproduced with the permission of Reference [48]. Copyright
2009, American Chemical Society.

3.2. Hybridization of Graphene with Metal Nanostructure

TCEs based on metallic nanostructures, such as metallic nanowires and patterned metal grids,
have attracted much attention due to their promising properties of low sheet resistance, high
optical transparency, and excellent mechanical durability [17,29]. However, when subjected to
conditions of high temperature and current, metallic nanowire networks can experience early failure
rates that are caused by the electromigration process and can be destroyed by chemical surface
reaction [56,120]. TCEs composed of metallic nanowire networks have the limitation of increasing
the electrical conductivity due to the junction resistance between the individual nanowires [121].
Recently, the hybridization of metallic nanostructures and graphene has been devised with the hope
that the graphene will complement these drawbacks of TCE of metallic nanostructures, schematically
described in Figure 7 [3,16,57,122]. Zhu et al. developed a graphene/metal grid hybrid electrode
that was placed onto PET film whose sheet resistance was ~20 Ω·sq−1 at 90% transmittance [123].
The graphene/metal grid hybrid electrode was fabricated by the following sequence. First, metal grids
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were formed on a transparent substrate, such as PET film. Subsequently, a graphene film grown on
Cu foil was transferred to the top of the grid via the wet transfer method and the sacrificial PMMA
layer was removed to form the final graphene/metal grid hybrid transparent electrodes. Additionally,
high-performance dye-sensitized solar cells fabricated using a hybrid TCE of Pt or Ni grids covered
by graphene have been demonstrated, whose efficiencies were comparable to that of the oxide-based
transparent electrode [124]. The superior optical and mechanical properties of these graphene/metal
grid hybrid electrodes compared to conventional TCEs has motivated the study of hybrid electrodes
with various types of graphene and metal nanostructures [60,125].

 

Figure 7. (a) Optical transmittance at wavelength of 550 nm (T@550nm) vs. sheet resistance (RS)
for previous experimental reports, including networks of carbon nanotubes, networks of silver
nanowires (AgNW Network and Welded AgNWs), indium tin oxide (ITO), CVD-grown single-layer
polycrystalline graphene (SLG) and graphene/NW hybrid structures with various nanowire densities.
(b,c) illustrate the transport across grain boundaries (GBs) in CVD SLG and hybrid SLG AgNWs
networks, respectively. Low-resistance grain boundaries (LGBs, blue lines) and high-resistance grain
boundaries (HGBs, red lines) are shown. The HGBs dominate the resistance in SLG. In hybrid structures
with appropriate densities of AgNWs, the NWs bridge the HGBs, providing a percolating transport
path for the electrons and therefore lowering the sheet resist. Reproduced with the permission of
Reference [51]. Copyright 2013, Wiley-VCH.

TCEs composed of a random network of metal nanowires, such as silver or copper nanowires, have
the advantage that they can be manufactured in an inexpensive roll-to-roll process while maintaining
the high conductivity of the metal [32,51,53,54]. As shown in Figure 8, a hybrid structure employing
CVD graphene and a network of silver nanowires has shown a very low sheet resistance of 22 Ω·sq−1

at 88% transmittance with excellent stability, and its sheet resistance was stabilized to 13 Ω·sq−1,
even after 4 months [54]. The co-percolating conduction model demonstrates that these superior TCE
properties of hybrid structure of CVD graphene and a network of metal nanowires are due to the fact
that the high-resistance grain boundaries in graphene are bridged by the silver nanowires and the
junction between the nanowires are bridged by graphene, and consequently a low sheet resistance
was possibly accomplished, even at moderate nanowire densities. Furthermore, this hybrid TCE of
graphene and metal nanowires exhibited multiple functionalities, such as robust stability against
electrical breakdown and oxidation and superb flexibility [55,77,126,127]. The hybrid silver nanowire
and graphene electrode showed the ultimate flexibility without experiencing a significant change of
sheet resistance for bending radii of curvature as small as 3.7 μm with a strain of ~27%. Lee et al.
presented an inorganic light-emitting diode (ILED) on a soft contact lens that was fabricated with this
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hybrid metal nanowire and graphene TCE, with the results suggesting a substantial promise for future
flexible and wearable electronics and implantable biosensor devices [77]. Moreover, Metha et al.
fabricated graphene-encapsulated copper nanowires, whose electrical and thermal conductivity
outperformed those of uncoated copper nanowires using a low-temperature plasma-enhanced CVD,
with the results suggesting that graphene-encapsulated copper nanowires can be adopted for TCEs in
air-stable flexible device applications [55]. On the other hand, Deng et al. demonstrated continuous
R2R production of TCEs based on a metal nanowire network that was fully encapsulated between a
graphene monolayer and plastic. This low cost and scalable manufacturing method of graphene/metal
nanowire hybrid TCEs is expected to accelerate its application to various fields in industry [54].

 

Figure 8. (a) Schematic and structure of graphene and metal nanowire hybrid films produced by a
continuous roll-to-roll process. (b) The durability of graphene and metal nanowire hybrid transparent
electrodes. Changes in sheet resistance of pure AgNW films and the graphene/AgNW hybrid films
exposed in air at room temperature for 2 months. (c) SEM image of the graphene/AgNW hybrid film
and pure AgNW films exposed in air for two months, revealing that AgNWs without the protection
of graphene were oxidized to break. (d) Changes in sheet resistance of pure AgNW films and the
graphene/AgNW hybrid films under the attack of aqueous Na2S (4 wt.%). (Inset) Morphologies
of AgNWs with or without the graphene coverage attacked for 30 s, respectively. Scale bar: 1 μm.
(e) Variations in sheet resistance of pure AgNW films and graphene/AgNW hybrid films as a function
of the number of cycles of repeated peeling by 3M Scotch tape. (f) Variations in sheet resistance
versus bending radius for the hybrid transparent plastic electrodes and ITO films on 150 μm thick PET.
(g) Variations in sheet resistance of the hybrid transparent plastic electrodes and ITO films on PET as
a function of the number of cycles of repeated bending to a radius of 20 mm. Reproduced with the
permission of Reference [54]. Copyright 2015, American Chemical Society.
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3.3. Hybridization of Graphene Oxide with Metal Nanostructure

Hybrid structures of metal nanowires and GO (or rGO) for the production of high-performance
transparent electrodes have developed since the low-cost and large-scalable solution process has made
it possible to deposit GO (or rGO) film on a plastic substrate. Typically, hybrid TCEs of silver or copper
nanowires and GO (or rGO) have been prepared by coating GO (or rGO) onto the silver nanowire film
using the dip, spin, and spray coating method [86].

As mentioned above, the issue of the long-term stability of metal nanowire film makes it difficult to
use in practical TCEs. However, GO (or rGO)-coated silver nanowire films exhibited highly enhanced
long-term stability due to the excellent gas barrier properties of the GO (or rGO) passivation layer on
metal nanowire film [78,127–129]. Ahn et al. reported that the sheet resistance of silver nanowire/rGO
film was slightly increased, by less than 50%, even at 70 ◦C and 70% relative humidity (RH) for
eight days, while the silver nanowire film showed increased sheet resistance, more than 300% [126].
Additionally, it has been shown that hydrophilic GO nanosheet can be used as a novel adhesive
overcoating layer on hydrophilic silver nanowire/PET film that tightly holds the silver nanowires and
reduces the sheet resistance in Figure 9 [128,130]. This GO/silver nanowire hybrid TCE also exhibited
excellent bendability, showing an almost constant sheet resistance through over 10,000 bending cycles
with a ~2 mm curvature radius.

Figure 9. (a) Schematic illustration of the fabrication of a GO-AgNW network on a glass substrate
at room temperature. (b) Optical photograph of a AgNW network bar-coated on a drawdown
machine. SEM images of (c) GO-soldered AgNW junctions (indicated by red arrows) and (d) typical
high-temperature fused AgNW junctions. (e) Measured sheet resistance of a GO-AgNW network as a
function of the soaking time in a GO solution. (f) Transmittance spectra of GO-AgNW networks with
three different AgNW densities (D1, D2, and D3). Reproduced with the permission of Reference [130].
Copyright 2014, American Chemical Society.

It has also been reported that a high-quality copper/rGO core/shell nanowire could be obtained
by wrapping the GOover the surface of the copper nanowire and subsequent mild thermal annealing.
These ultrathin core-shell nanowires produced high-performance TCEs with excellent optical and
electrical properties, that is, with a sheet resistance of ~28 Ω·sq−1 and a haze of ~2% at a transmittance
of ~90%, as reported by Duo et al. [131]. It has also been demonstrated that a film composed of
rGO assembled onto copper nanowire film has improved electrical conductivity, oxidation resistance,
substrate adhesion, and stability in harsh environments [132]. In particular, an electrochromic device
employing the rGO/copper nanowire hybrid TCEs showed reversible coloration/bleaching properties,
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which cannot be obtained using pure copper nanowire TCEs, since these nanowires form copper
hexacyanoferrate compounds during the electrochemical bleaching process, while the rGO protects
the copper nanowire from reacting with the harsh solution used for the deposition of electrochromic
material [133].

3.4. Hybridization of Graphene with Conducting Polymer

PEDOT:PSS/graphene composite has been fabricated using various methods to give improved
performance in chemical and electrical properties [31,58–60,134].

Jo et al. produced a stable aqueous suspension of rGO nanosheet through the chemical reduction
of GO in the presence of PEDOT:PSS [59]. The resultant rGO/PEDOT:PSS suspension yielded a
hybrid TCE film with a high conductivity of 2.3 Ω·sq−1 with a transmission of 80%. An easy, low cost
mass production of PEDOT:PSS/graphene composite has also been developed through the in situ
polymerization of PEDOT in the presence of rGO and high-molecular PSS [31]. Since the rGO was used,
no additional reduction processes of graphene were required. Liu et al. employed electrochemically
exfoliated graphene to prepare the hybrid ink of PEDOT:PSS and graphene, since the electrochemical
exfoliation of graphite produces high-quality graphene at a bulk scale (Figure 10) [58]. In order to
disperse exfoliated graphene at higher concentrations, PH1000 (Heraeus Clevious, USA) was selected
as a surfactant due to its conjugated aromatic chains that can strongly anchor onto the graphene surface
via π–π interactions. Subsequently, the TCE films were prepared by the spray-coating method, and
their sheet resistance was measured to be 500 Ω·sq−1 at a transmission of 80% after applying 100 cycles
of spray-coating.

Figure 10. (a) Digital image of EG/PH1000 hybrid ink; molecular structures of EG and PH1000.
(b) Schematic illustration of spray-coating an EG/PH1000 hybrid ink onto desired substrates. (c)
Transmittance spectrum of both EG/PH1000 hybrid films and ITO on PET substrates. Inset shows the
optical images of the EG/PH1000 hybrid films on PET substrates with 90% and 80% transmittance,
respectively. (d) SEM image of spray-coated EG/PH1000 hybrid film. Reproduced with the permission
of Reference [58]. Copyright 2015, Wiley-VCH.

138



Micromachines 2019, 10, 13

On the other hand, graphene/PEDOT:PSS bilayers have been utilized for the purpose of using
PEDOT:PSS as a new supporting layer for the transfer of CVD graphene film without a removal
process [124]. An important advantage of this approach is that PEDOT:PSS acts as an effective dopant
for CVD graphene film, which exhibits a sheet resistance of 80 ± 4 Ω·sq−1 with excellent stability in
air. This graphene/PEDOT:PSS bilayer exhibited a high transparency, with a transparency decrease of
only 1% being caused by adding a PEDOT:PSS layer.

3.5. Hybridization of Graphene with Oxide

There are not many reports on the fabrication of hybrid metal oxide/graphene TCEs when
compared to hybrids using organic materials or nanomaterials with graphene.

Transparent conductive oxides, such as ITO and aluminum-doped zinc oxide (AZO), are widely
used in electrodes, however the rigidity of these materials has limited their use as flexible electrodes.
There have been attempts to improve the mechanical properties of ITO by fabricating a hybrid electrode
using graphene and ITO [61,62]. Liu et al. demonstrated that the graphene/ITO hybrid electrodes
showed a resistance change (ΔR/R0) of 17.78 after 20% tensile strain; meanwhile, the (non-hybrid) ITO
electrode showed a resistance change of 125.91. When the bending radius was 0.1 cm, the resistance
change of the ITO electrode fell to ~115.51, while that of the graphene/ITO hybrid electrode fell to
~11.65. These results showed the benefits of the graphene/ITO hybrid electrode over the ITO electrode
in terms of mechanical flexibility [61]. Another approach for the hybridization of graphene with ITO
was the uniform dispersal of ITO nanoparticles with a size of 25–35 nm on CVD graphene, which is
synthesized by the immersion of graphene into aqueous ITO sol-gel. The ITO nanoparticle-decorated
graphene exhibited a decrease in sheet resistance of about 28.2% relative to that of CVD graphene,
owing to the electron doping of graphene that is induced by the ITO nanoparticles [62].

As shown in Figure 11, a multilayered electrode in which graphene is sandwiched between metal
oxide has been demonstrated to have high electrical stability and optical transparency [69]. Since
the coating of graphene with metal oxide prevents the desorption of chemical dopants, graphene
that is coated with a 60-nm-thick layer of WO3 showed a lower resistance and slower degradation
rate than pristine graphene. Furthermore, the optical transmittance of this WO3-coated graphene
could be enhanced with the addition of a metal oxide layer between the graphene and the glass,
which satisfies the zero reflection condition. As a result, the optimal multilayered structure of TiO2

(62 nm)/graphene (3 layers)/WO3 (60 nm) on glass showed a transmittance of ~90%, which is same as
the highest transmittance of glass/ITO.

Figure 11. (a) Photographs of ITO, graphene, TiO2/graphene/WO3 of 3–5 graphene layers. The
Finite-Difference Time-Domain (FDTD) simulation. Calculated Poynting vector magnitude of OLEDs
(λ = 520 nm) on (b) 3 layers graphene (G) and (c) TiO2/3 layers graphene/WO3 electrodes by
FDTD method. Reproduced with the permission of Reference [69]. Copyright 2016, American
Chemical Society.

139



Micromachines 2019, 10, 13

4. Application of Graphene-Based TCEs

The excellent performance of various graphene-based TCEs give graphene a realistic chance of
becoming competitive in the production of transparent and bendable device technologies. In particular,
the combination of high chemical and thermal stability, high stretchability, and low contact resistance
with organic materials offers tremendous advantages for using graphene for TCEs in organic electronic
devices, such as solar cells, OLEDs, touch screens, field effect transistors, sensors, and electrochromic
devices [70,135].

4.1. Solar Cells

A low-cost, exfoliated graphene oxide followed by thermal reduction was first studied for
application as window electrodes in solid-state dye-sensitized solar cell [45]. Eda et al. utilized reduced
and doped GO thin films as the cathode in optovoltaics (OPVs), which were fabricated by spin coating
a layer of PEDOT:PSS on top of a rGO film and subsequently depositing a poly(3-hexylithiophene)
(P3HT) and phenyl-C61-bytyric acid methyl ester (PCBM) nanocomposite layer [136]. Additionally, a
rGO film with 1100ºC thermal annealing has been utilized as an anode in a dye-sensitized solid solar
cell based on spiro-OMeTAD and porous TiO2, however the short-circuit photocurrent density (Isc)
and efficiency of the graphene-based cell was somewhat lower when compared to an fluorine-doped
tin oxide (FTO)-based cell, possibly due to the series resistance of the device, the relatively lower
transmittance of the electrode, and the electronic interfacial change.

Subsequently, an organic solar cell fabricated with TCEs based on CVD graphene with a low sheet
resistance has demonstrated excellent performance with an enhanced power conversion efficiency
(PCE) [33,137]. Since CVD graphene offers high conductivity when compared to rGO, it offers a great
advantage for the fabrication of OPV devices. A multilayer graphene (MLG) film with a relatively
low sheet resistance of 374 Ω·sq−1 at 84.2% transparency was obtained, and the MLG) film-based
solar cell with a P3HT:PCBM blend as the active layer exhibited a PCE of 1.17% [137]. An inverted
structural solar cell with AZO at the bottom as cathodes, molybdenum-oxide/graphene on top as
anode, and P3HT:PCBM as an active layer exhibited a PCE of 2.2%.

Various hybrid TCEs using graphene and a highly conductive material have been employed
as a window electrode in the fabrication of OPVs [49,55,60,127,134]. Lee et al. reported that a CVD
graphene/PEDOT:PSS bilayer could provide the highest PCE of 5.5% and a fill factor (FF) of 0.67,
which is even higher than what is obtainable with the best ITO device (Figure 12) [60]. Additionally,
rGO-coated silver nanowire film with excellent thermal and chemical stabilities has been used for
the anode layers in bulk heterojunction polymer solar cell [127]. Under illumination, this showed an
open-circuit voltage (Voc) of 0.49 V, a short-circuit current density (Jsc) of 6.38 mA·cm−2, and an FF of
32.91, resulting in a PEC of 1.03%. Furthermore, a solution-based nanocomposite that is comprised of
chemically converted graphene and carbon nanotubes has been used as a platform for the fabrication
of P3HT:PCBM photovoltaic (PV) devices. After spin-coating a mixture of graphene and CNT, a thin
buffer layer of PEDOT:PSS and P3HT:PCBM with a 1:1 weight ratio was coated on glass [49]. Finally,
the Al and Ca were evaporated as the reflective cathode. For these PV devices, a PCE of 0.85% was
measured under an illumination of AM 1.5 G and the values of Jsc, Voc, and FF were 3.47 mA·cm−2,
0.583 V, and 42.1%, respectively. These relatively low values of Jsc and FF, which are detrimental to PCE,
were likely due to poor contact at the interface between the graphene/CNT composite and polymer.
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Figure 12. (a) Schematic illustrating the structure and corresponding energy-level diagram of the
fabricated conventional structure perovskite solar cells (PSC). For some of the devices, an additional
PEDOT:PSS layer (AI 4083, 30 nm) was used with the doping transfer-graphene (DT-GR)/P electrode.
(b) The current density-voltage (J–V) characteristics of the best inverted structure PSCs with the
conventional transfer (CT)-GR (red line) and the DT-GR/P (blue line) electrodes. The inset represents
the device structure of the inverted PSCs. Reproduced with the permission of Reference [60]. Copyright
2014, Wiley-VCH.

4.2. Organic Light-Emitting Diodes (OLEDs)

At first, a basic OLED structure of anode/PEDOT:PSS/N,N′-di-1-naphthyl-N,N′-diphenyl-1,1′-
biphenyl-4,4′diamine (NPD)/tris(8-hydroxyquinoline) aluminum (Alq3)/LiF/Al was adopted to
investigate the performance when a graphene film was used as the transparent electrode [26]. The
graphene electrodes were deposited on quartz slides by spin-coating water-based dispersion of
functionalized graphene and reduced by high-temperature vacuum annealing; the sheet resistance
of the electrodes was ~800 Ω·sq−1 at a transmittance of 82% at 550 nm. An OLED with graphene
anode exhibited a turn-on voltage of 4.5 V and it reached a luminance of 300 cd·m−2 at 11.7 V, which
is slightly higher than the values for ITO. A sky-blue phosphorescent OLED with multilayered CVD
graphene anode, consisting of graphene (2–3 nm)/1,1-bis[(di-4-tolylamino)phenyl]cyclohexane (TAPC)
(30 nm)/ 1,4,5,8,9,11-hexaazatriphenylene hexacarbonitrile (HAT-CN)(10 nm)/TAPC(30 nm)/HAT-CN
(10 nm)/TAPC(30nm)/4,40,400-tri(N-carbazolyl)triphenylamine:iridium(III)bis[(4,6-difluorophenyl)–
pyridinato-N,C20] picolinate (TCTA:FIrpic)(5 nm)/2,6-bis[30-(N-carbazole)phenyl] pyridine:iridium
(III) bis[(4,6-difluorophenyl)-pyridinato-N,C20] picolinate (DCzPPy:FIrpic) (5 nm)/1,3-bis(3,5-dipyrid-
3-yl-phenyl)benzene(BmPyPB) (40 nm)/lithium fluoride (LiF) (1 nm)/aluminum (Al) (100 nm), showed
an electron quantum efficiency (EQE) of 15.6% and a power efficiency (PE) of 24.1 lm/W, comparable
to the EQE of 18.5% and PE of 28.5 lm/W obtained with an ITO-based OLED [34].

Flexible OLEDs that were fabricated with graphene-based anode shown in Figure 13 have also
been demonstrated in several recent reports [70,130,137,138]. A hybrid graphene/silver nanowire/
polymer electrode prepared on PET provided not only stable resistance against air exposure, but also
superior flexibility with the bending cycles [138]. The optimal OLED device based on a hybrid
graphene/silver nanowire/polymer electrode presented the best performance due to its higher
conductivity and light transmittance [130]. A GO-soldered silver nanowire network was also provided
as an anode of the fully stretchable polymer light-emitting diode (PLED) with the help of GO solder,
which improves the stretchability of the silver nanowire network.
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Figure 13. (a) Schematic device structure of the proposed flexible TiO2/graphene Organic light-emitting
diodes (OLEDs). (b) Photograph of the proposed OLEDs in operation. Reproduced with the permission
of Reference [139]. Copyright 2016, Nature Publishing Group.

4.3. Electrochromic Devices

Electrochromic devices are widely used in display devices, including smart windows and mirrors,
for improving indoor energy efficiency or personal visual comfort.

Recently, rigid electrochromic devices have advanced, and they now offer flexibility, stretchability,
and foldability for deformable devices (Figure 14) [119,133,140,141]. Polat et al. demonstrated a
flexible electrochromic device using multilayer graphene, which offers key requirements for practical
application, that is, high-contrast optical modulation over a broad spectrum and good electrical
conductivity and mechanical flexibility [141]. They showed that the optical transmittance of MLG
can be controlled by electrostatic doping via the reversible intercalation of charges into the graphene
layers, making it possible to fabricate reflective/transmissive multipixel electrochromic devices.

Figure 14. (a) Exploded-view illustration of the graphene electrochromic device. The device is formed
by attaching two graphene coated polyvinyl chloride (PVC) substrates face to face and imposing
ionic liquid in the gap separating the graphene electrodes. (b,c), Photographs of the devices under
applied bias voltages of 0 V and 5 V, respectively. Reproduced with the permission of Reference [140].
Copyright 2014, Nature Publishing Group.

Smart windows that are based on electrochromic devices were demonstrated by Kim et al.,
who investigated the electrochemical and electrical characteristics of the PEDOT:PSS polymer-based
electrochromic devices s of the different number of graphene layers used as electrodes [142]. The four-
layered graphene electrode showed the best electrochemical behaviors, with a fast optical change
response of less than 1 s from the dark to the transparent state and 500 ms from the transparent to the
dark state and a low bias of ± 2.5 V for the maximum contrast ratio.
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4.4. Transparent Heaters

High performance, transparent, and flexible heaters have been fabricated using graphene-based
electrothermal films that are suitable for automobile defogging or deicing systems and heatable smart
windows, as shown in Figure 15 [128,143,144]. A multiple-stacked CVD graphene film on PET, being
interlayer-doped with AuCl3-CH3NO2 and HNO3 to obtain a low sheet resistance, was provided
for flexible heaters, and it was mechanically stable after bending 1000 times with 1.1% strain [142].
Additionally, GO film spin-coated on quartz or polyimide (PI) has also exhibited high transparency
and good heating effects.

 

Figure 15. (a) A schematic structure of a transparent, flexible graphene heater combined with a plastic
substrate and Cu electrodes. (b) An optical image of the assembled graphene-based heater showing its
outstanding flexibility. (c) An infrared picture of the assembled graphene-based heater while applying
an input voltage under bending condition. Reproduced with the permission of Reference [143].
Copyright 2011, American Chemical Society.

A new strategy of reduced large-size graphene oxide (rLGO)/silver nanowirehybrid film has
been reported to design high-performance transparent film heaters. The thin rLGO provided a
protective effect for the silver nanowire network against oxidation as well as the low sheet resistance
of rLGO [128].

5. Summary and Conclusions

New TCE materials, including carbon nanotubes, metal grids and nanowires, conductive
polymers, and recently graphene, have appeared over the past decades in many fields of application.

In particular, these new materials offer prospective advantages of flexibility, bendability, and even
stretchability, enabling them to be applied as TCEs in wearable optoelectronic devices and displays.
Among them, graphene has attracted special attention due to its superior electrical conductivity and
optical transmission when compared to other TCE materials. Additionally, the excellent moisture
barrier and mechanical flexibility of graphene allows it to be hybridized with other TCE materials to
further improve the properties of TCE films.
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In the past decades, a number of methods for synthesizing high-quality graphene at low cost have
been extensively studied, and the development of a large-area synthesis and transfer method using a
roll-to-roll process has been a viable step in the practical application of graphene TCEs. Despite the
tremendous advances in the graphene synthesis process and quality improvement, TCE films that are
based on graphene still have issues that need to be improved, such as poor adhesion to substrates,
low abrasion, and poor electrical conductivity as compared to conventional ITO.
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Abstract: Graphene oxide (GO) decorated with silver (Ag), copper (Cu) or platinum (Pt) nanoparticles
that are anchored on dodecylbenzene sulfonic acid (DBSA)-doped polyaniline (PANI) were prepared
by a simple one-step method and applied as novel materials for high performance supercapacitors.
High-resolution transmission electron microscopy (HRTEM) and high-resolution scanning electron
microscopy (HRSEM) analyses revealed that a metal-decorated polymer matrix is embedded within
the GO sheet. This caused the M/DBSA–PANI (M = Ag, Cu or Pt) particles to adsorb on the surface
of the GO sheets, appearing as aggregated dark regions in the HRSEM images. The Fourier transform
infrared (FTIR) spectroscopy studies revealed that GO was successfully produced and decorated
with Ag, Cu or Pt nanoparticles anchored on DBSA–PANI. This was confirmed by the appearance of
the GO signature epoxy C–O vibration band at 1040 cm−1 (which decreased upon the introduction
of metal nanoparticle) and the PANI characteristic N–H stretching vibration band at 3144 cm−1

present only in the GO/M/DBSA–PANI systems. The composites were tested for their suitability
as supercapacitor materials; and specific capacitance values of 206.4, 192.8 and 227.2 F·g−1 were
determined for GO/Ag/DBSA–PANI, GO/Cu/DBSA–PANI and GO/Pt/DBSA–PANI, respectively.
The GO/Pt/DBSA–PANI electrode exhibited the best specific capacitance value of the three electrodes
and also had twice the specific capacitance value reported for Graphene/MnO2//ACN (113.5 F·g−1).
This makes GO/Pt/DBSA–PANI a very promising organic supercapacitor material.

Keywords: supercapacitors; graphene oxide; metal nanoparticles; dodecylbenzene sulfonic acid
(DBSA) doped polyaniline; capacitance

1. Introduction

The world has been facing global warming and energy problems with Earth’s natural resources
depleting at a very rapid rate. In 2007, the International Energy Agency published the World Energy
Outlook which estimated that by 2030 there will be 55% more energy demand as compared to today [1].
Global economic development and prosperity have been built on cheap and abundant fossil fuels
with petroleum standing at 39%, natural gas at 24% and coal at 23%, but there is a limited amount of
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fossil fuels and they are non-renewable [2]. Estimates state that there is a 2% annual growth in global
oil demand along with a natural decline in production from existing reserves [3]. Therefore, there is
need to invest in alternative sources of energy both in terms of energy conversion, as well as storage
devices such as electrostatic capacitors, electrochemical capacitors (supercapacitors), batteries, and fuel
cells. Metal oxides and transition metal oxides have been utilized for the development and utilization
of smart materials in applications such as gas sensors [4], energy storage smart materials [5,6] and
advanced energy conversion devices. Perovskite solar cells (PSCs) have attracted a great deal of
attention in the photovoltaic cell field of study, due to their high photo-to-electric power conversion
efficiency (PCE) and low cost. The high PCE is due to the high and excellent physical properties
of organic–inorganic hybrid perovskite materials. These include a long charge diffusion length and
high absorption coefficient in the visible range [7]. Titanium oxide (TiO2) nanostructures are excellent
anode materials for sodium ion batteries due to their inherent safety, low cost and structural stability.
When tested as a binder and conducting additive-free electrodes in sodium cells, TiO2 nanotubular
arrays, obtained from simple anodic oxidation, exhibited different electrochemical responses which
then render TiO2 as a good anodic material [8]. Perreault et al., developed a spray-dried mesoporous
mixed Cu–Ni oxide and graphene nanocomposite microspheres for high power and durable Li-ion
battery anodes. They exhibited unprecedented electrochemical behavior such as high reversible
specific capacity, excellent coulombic efficiency and long-term stability at high current density that are
very remarkable when compared to most traditional metal oxides and nanocomposites prepared by
conventional techniques [9].

Supercapacitors are electrical energy storage devices that store and discharge energy at the
electrochemical interface and utilize the three-electrode system, i.e. working electrode, counter
electrode and reference electrode [10,11]. Supercapacitors have very high capacities and low resistance
and are able to store energy at relatively higher rates, when compared to other energy storage devices.
This is due to the mechanism of energy storage which involves a simple charge separation at the
interface between the electrode and electrolyte [12]. Supercapacitors have attracted attention due to
their unique and wide potential in a variety of applications such as electric vehicles, power back-up
in mobile phones, digital cameras, radio tuners, laptops, etc. and they find application as power
back-ups for uninterruptible power system (UPS) applications and other high-power apparatus [13,14].
Supercapacitors are classified into three main general categories: (i) electric double-layer capacitors
(EDLC), (ii) Faradaic pseudocapacitors and (iii) hybrid capacitors [2]. Electric double-layer capacitors
(EDLC) are known to utilize carbon-based materials such as graphene oxide, carbon black, activated
carbon, etc. Faradaic pseudocapacitors are known to utilize metal oxide and/or conducting polymers.
Hybrid capacitors are known to utilize carbon materials and metal oxides and/or conducting
polymers [15,16]. This work uses graphene oxide (GO), metal nanoparticles (Ag, Cu and Pt) and
dodecylbenzene sulfonic acid (DBSA)-doped polyaniline (PANI) as the materials to use in the
development of high capacitance supercapacitors. GO has considerable exceptional properties such as
mechanical, optical, electronic, electrical, etc. which then render GO as a good candidate for use in
energy storage devices [17,18]. Metal nanoparticles have attracted attention due to the performance
in electronic, optical, magnetic, and catalytic applications and, recently, these metal nanoparticles
have been supported on the surface of GO [19–21]. It is expected that small sized and well-dispersed
nanoparticles will enhance activity and selectivity for catalytic applications [22,23]. Conducting
polymers have been used to maintain the need for high electrical conductivity of materials for a myriad
of applications including energy-related devices [24,25]. There has been much interest in PANI-based
materials because of their low cost and easy synthesis [26]. Since PANI is an excellent organic conductor
with good environmental stability, good electronic and optical properties, is highly stable in air, and is
soluble in several solvents [27], it has been used often to produce materials or composites with carbon
materials for supercapacitor electrodes or sensor applications [28]. The combination of the properties
of these materials is expected to increase the capacitance of the developed supercapacitors [29].
Furthermore, some organic polymers have been found to be suitable materials for supercapacitor
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applications, for which the incorporation of cations, such as metal molybdates, leads to increased
specific capacitance [30–32].

Table 1 is a comparison of specific capacitances, energies and powers of different supercapacitor
electrode materials reported by researchers over the past years. From the table, it can be deduced that
the material used in this work exhibited higher capacitance, energy and power values when compared
to graphene-containing supercapacitor material [33]. Metal oxides combined with carbon-based
materials and conducting polymers give the best capacitance ranging from 200 to 400 F·g−1 and low
resistances. They also give highly specific energy and power. From the table, we can observe that
manganese oxide combined with e-CMG and tantalum (IV) oxide combined with PANI–PSSA gives
higher specific capacitances of 389 and 318.4 F·g−1 respectively. Lithium manganese oxide combined
with aluminum oxide gives the best specific energy of 864.3 Wh kg−1 and titanium oxide combined
with carbon nanotubes gives the best specific power of 6428 W kg−1.

Table 1. Comparison table of specific capacitances, energy and power of different supercapacitor
electrode materials over the years.

Material Specific Capacitance (F·g−1) Specific Energy (Wh·kg−1) Specific Power (W·kg−1) References

GO/Pt/DBSA–PANI 227.2 126.2 178.4 This work
Graphene/MnO2//CAN 113.5 51.1 102.2 [33]

TaO2–PANI–PSSA 318.4 157.0 435.0 [34]
MnO2/e–CMG 389.0 44.0 250.0 [35]

Li2MnSiO4/Al2O3 117.5 864.3 104.0 [36]
TiO2/CNT 176.5 40.0 6428.0 [37]

To the best of our knowledge, no work has been published on GO decorated with Ag, Cu and Pt
nanoparticles that are anchored on DBSA–PANI, for application in high performance supercapacitors.

2. Materials and Methods

2.1. Materials

All chemicals used in the experiments were of analytical grade and were used as purchased
without further purification. Graphite (1–2 μm); sodium nitrate, NaNO3 (≥99%); sulfuric acid,
H2SO4 (≥98%); potassium permanganate, KMnO4 (≥99%); hydrogen peroxide, H2O2 (≥30%);
hydrochloric acid, HCl (≥37%); hexachloroplatinic acid, H2PtCl66H2O, ACS reagent grade
(≥37.50%); Pt wire; silver nitrate AgNO3, ACS reagent grade (≥99.0%); sodium hydroxide, NaOH,
BioXtra (≥98%) acidimetric, pellets (anhydrous); cetyl trimethylammonium bromide, CTAB (98%);
poly(sodium 4-styrenesulfonate), PSS (∼70000) powder; sodium acetate, NaAc; poly(ethylene glycol),
PEG (400 powder); ethylene glycol anhydrous, EG (99.8%); acetone (≥99.9%); dodecylbenzenesulfonic
acid, DBSA (≥98%); aniline, ACS reagent grade (≥99.5%); ammonium persulfate, ACS reagent grade
(≥98.0%); methanol (≥99.9%); and isopropanol (≥99.7%), were all purchased from Sigma-Aldrich
(Modderfontein, South Africa).

2.2. Instrumentation

The cell system was fabricated using 1 M H2SO4 solution as the electrolyte and tested for the
supercapacitor parameters using the BST8-3 eight-channel battery testing machine. Fourier transform
infrared (FTIR) spectra were recorded on a 100 spectrophotometer, Perkin Elmer Fourier Transform
Infrared model (USA), operating between 400 and 4000 cm−1 in order to characterize the presence of
specific features of the materials. The high-resolution scanning electron microscopy (HRSEM) of GO
measurements were made with a Ziess Auriga, Hitachi S3000N, Quorum Technology (Lewes, England),
operating at 50 kV and high-resolution transmission electron microscopy (HRTEM) measurements
were made with Tecnai G2 F20X-Twin MAT Field Emission Transmission Microscopy. FEI (Eindhoven,
Netherlands) equipped with an energy-dispersive spectroscopy (EDS) detector was used to study
the size and morphology of the samples. Copper grid (Cu) was used as a sample holder for the
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immobilization of (2 μL) solution of GO, GO/Ag/DBSA–PANI and GO/Pt/DBSA–PANI and a
nickel grid for GO/Cu/DBSA–PANI, and the micrographs were recorded at room temperature.
Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) measurements were made
with VMP 300 Bio-Logic SAS, Biologic Science Instruments (Seyssinet-Pariset, France), where all cyclic
voltammograms and EIS graphs were recorded with a computer interfaced with VMP 300 Bio-Logic
SAS using a 10 mL electrochemical cell that has a three-electrode system. The electrodes used
were: (1) 0.071 cm2 glassy carbon electrode (GCE) as the working electrode, (2) 500 mm × 0.635 mm
platinum wire electrode (Pt) from Sigma-Aldrich as the counter electrode, and (3) Ag/AgCl electrode
(with a 3 M NaCl salt-bridge) as the reference electrode. Alumina micropolishing pads were obtained
from Buehler, LL, USA and were used for polishing the glassy carbon electrode before modification.
Galvanostatic charge-discharge measurements were taken with 8-Channels Battery analyzer BST8-3,
MTI Corporation (Richmond, VA, USA) using an electrochemical cell and the three-electrode system
with a potential sweep rate of 0.9 mV s−1.

2.3. Experimental

2.3.1. Synthesis of GO

GO was prepared using a modified Hummers method. Specifically, 0.5 g of graphite powder was
added to a cold solution of 40 mL of concentrated sulfuric acid (H2SO4) and 0.375 g of sodium nitrate
(NaNO3) under vigorous stirring for 1 h in an ice bath. A mass of 2.25 g potassium permanganate
(KMnO4) was added portion wise to the solution while it was stirring and the mixture remained in the
ice bath for a further 2 h to cool the mixture below 10 ◦C. The mixture took on a green brown color and
stirring continued for 5 days in order to ensure complete oxidation of the graphite. After completion
of the reaction, 70 mL of dilute aqueous solution of 5% H2SO4 was added to the mixture to cleave
the formed precipitate salts due to oxidation. The mixture was heated and stirred at 98 ◦C for 1 h.
The heating was removed and 2 mL 30% H2O2 peroxide was added to the mixture (after it was let to
cool down to 60 ◦C). The mixture was stirred for a further 2 h. Subsequently, in order to remove the
residues of KMnO4 and derivatives such as Mn2O7, the following procedure was followed. The mixture
was centrifuged for 10 min at 4000 rpm, washed with 600 mL aqueous solution of 3% H2SO4 and 0.5%
H2O2 and then placed in an ultrasonic bath for 10 min. The process was repeated a number of times to
get rid of the salts. Then, the mixture was washed and purified with 150 mL of aqueous 3% HCl two to
three times by mixing and centrifugation, to eliminate any metal ions. Then, the mixture was washed
with distilled water until (average of four washings) the pH increased to the value of 7, and thereby
ensuring the removal of any remaining acidic. Finally, the solution was washed with acetone and dried
at 60 ◦C in a vacuum oven for 12 h. After drying, the GO was obtained in the form of a shell, followed
by grinding, weighing and collecting the product [38].

2.3.2. Synthesis of Graphene Oxide Loaded with Pt, Ag and Cu NPs

The loading of platinum, silver and copper NPs onto GO nanosheets was carried out by
electrostatic self-assembly (scheme 1). Initially, GO was functionalized by cetyl trimethylammonium
bromide (CTAB), a cationic polyelectrolyte which acts as a surfactant and poly(sodium
4-styrenesulfonate) (PSS) an anionic polyelectrolyte. Thirty milligrams of GO was homogeneously
dispersed in 40 mL of an aqueous solution of 1% wt. CTAB using ultra-sonication for 30 min followed
by centrifugation to remove the remaining excess CTAB. The functionalized GO was then dispersed
in 40 mL of an aqueous solution of 1% wt. PSS by stirring and ultra-sonication for 30 min and
the mixture was stored overnight. After 12 h, the excess PSS was removed by centrifugation and
the prepared material was subjected to ultrasonic agitation in 40 mL of ethylene glycol (EG) for
30 min. Consequently, 0.2 g of hexachloroplatinic acid (H2PtCl66H2O) for platinum nanoparticles
(scheme 1), silver nitrate (AgNO3) for silver nanoparticles and copper acetate Cu(CH3COO)2 for
copper nanoparticles, respectively, were dissolved in the 40 mL dispersion of EG/functionalized GO
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and the mixture was sonicated for 30 min to form a stable suspension. At this point, 3.6 g of sodium
acetate (NaAc) and 1.0 g of poly-ethylene glycol (PEG) were added under continuous stirring for
a further 30 min. The suspension was then sealed in a Teflon autoclave of stainless steel (capacity
100 mL) and heated at 200 ◦C for 12 h followed by natural cooling to room temperature. A black
precipitate was obtained by filtration, washed by de-ionized water and acetone and dried in a vacuum
oven at 60 ◦C for 12 h [39].

2.3.3. Synthesis of GO/Pt NPs, GO/Ag NPs and GO/Cu NPs Anchored DBSA-Doped PANI

A mass of 0.5 g GO/Ag NPs, GO/Cu NPs and GO/Pt NPs was sonicated in 400 mL of 1 M DBSA
solution prepared in 1 M HCl for 5 h. DBSA, an anionic surfactant, was used as the dopant as well as
to disperse GO/Ag NPs, GO/Cu NPs and GO/Pt NPs in the solution. DBSA is an anionic surfactant
used to blend polyaniline with the graphene oxide-loaded nanoparticles. Thereafter, 5 mL of double
distilled aniline and solution of ammonium persulfate (12.53 g of (NH4)2S2O8 in 100 mL of 1 M HCl)
were added drop-wise to the previous solution of DBSA for in situ oxidative polymerization of aniline
with GO/Ag NPs, GO/Cu NPs and GO/Pt NPs under stirring conditions in an ice bath for 6.5 h
(scheme 1). A greenish black precipitate was obtained, which was washed thoroughly with double
distilled water and methanol to remove any traces of reactants and PANI oligomers until the filtrate
became transparent. Thus, the prepared nanocomposite was dried at 60 ◦C and stored in a desiccator
for further experiments [40]. The materials were named GO/Ag/DBSA/PANI, GO/Cu/DBSA–PANI
and GO/Pt/DBSA–PANI, respectively.

2.4. Characterization of Electrode Materials

Characterization of the electrode materials was carried out using the following
techniques: HRTEM, HRSEM, EDS and FTIR. In summary, elemental compositions of the
GO, GO/Ag/DBSA–PANI, GO/Cu/DBSA–PANI, and GO/Pt/DBSA–PANI were quantitatively
studied by the EDS. The morphological properties and degree of agglomerations of the nanostructures
were studied qualitatively by HRSEM. The structural properties and composition of materials
were studied using FTIR. Particle shape, particle size and morphological distribution of GO,
GO/Ag/DBSA–PANI, GO/Cu/DBSA–PANI, and GO/Pt/DBSA–PANI were qualitatively studied by
HRTEM and HRSEM. The stability and efficiency of the electrode material synthesized and used for
supercapacitor electrodes was tested using a potentiostatic-galvanostatic charge-discharge test.

2.5. Fabrication of the Electrode Material

2.5.1. Preparation of the Electrode Materials

The materials used in the experiment for fabrication of the electrode consisted of 40 mg of active
material, 5 mg of carbon black, 5 mg (3 drops) of isopropanol, and 8 mg of polytetrafluoroethylene
(PTFE) binder. The active material consisted of GO/Ag/DBSA–PANI. The carbon black and
GO/Ag/DBSA–PANI were mixed together and crushed to ensure that they were correctly mixed.
For a given electrode, relevant materials were mixed together in a 10 mL small beaker to form dough.
The dough was transferred onto a flat glass plate. A stainless steel/Teflon rod was used to roll the
dough into 1 mm-thick flexible thin films. When making the thin film, the dough was rolled many
times with the constant addition of three drops of isopropanol to ensure that the material was correctly
mixed in the thin film. The thin film was then placed in an oven and was allowed to bake at 80 ◦C
under vacuum. Once the thin film was dry it was then cut into small wafers for the construction
of the electrode. The same principle was used for GO/Cu/DBSA–PANI and GO/Pt/DBSA–PANI
composites [17].
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2.5.2. Construction of Supercapacitor Cell

A single electrode was assembled with three parts electrode material, stainless steel mesh current
collector and stainless-steel wire. The electrode was assembled by cutting the stainless-steel mesh
current collector into a 1 cm × 4 cm rectangular shape. The collector was then cleaned by shaking it in
ethanol, drying it and then weighing. The approximately 1 cm2 wafer was placed on the stainless-steel
mesh and pressed at a pressure of 20 MPa for 5 min. The electrode was then weighed and the
difference in mass was used as the active mass of the electrode (which was 0.021 g for the anode
and 0.0190 g for the cathode). The stainless-steel wire was tightly held onto the current collector for
external circuit connection and acted as a cathode. The active material was GO/Ag/DBSA–PANI and
acted as an anode. The stainless-steel wire and active material were used to make a two-electrode
asymmetric supercapacitor cell. The cell system was fabricated using 1 M H2SO4 solution as the
electrolyte and tested for the supercapacitor parameters using the BST8-3 eight-channel battery testing
machine. The cell was fabricated by holding together the two single electrodes (cathode and anode)
with a porous and electronically non-conductive separator sandwiched between them to form the cell
configuration [34]. The same principle used GO/Cu/DBSA–PANI and GO/Pt/DBSA–PANI.

3. Results and Discussion

The synthesis route for producing GO/Pt/DBSA–PANI nanocomposite is illustrated in
Figure 1. A similar experimental process was followed for obtaining GO/Ag/DBSA–PANI and
GO/Cu/DBSA–PANI by using the corresponding salts of Ag and Cu as starting materials.

Figure 1. Schematic illustration for the synthesis of a GO/Pt/DBSA–PANI nanocomposite.

Figure 2 shows the schematic diagram of the supercapacitor cell which consists of an electrolyte
(KOH), two electrodes and a separator that electrically separate the electrodes. The active material
(GO/Pt/DBSA–PANI) of the electrodes is considered one of the most important components of
supercapacitors, as the capacitance depends on the type and properties of the electrode material.
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Figure 2. Schematic illustration of the GO/Pt/DBSA–PANI-based supercapacitor cell.

3.1. Morphology Characterization

Figure 3a demonstrates that GO retains a graphene-like lattice substructure which is due to
the ultra-sonication of GO [41]. The nanosheets are observed to be flat, light, and transparent
and they appear to be larger than 1.5 μm and to be situated on top of the copper grid which is
used during HRTEM analysis [42]. The wrinkles and the bends that are observed are due to the
abundant defects and functional groups during the oxidation process which takes place over a period
of 5 days [43,44]. These nanosheets also appear to be extremely dispersed in water due to the existence
of topological features along the overlapping of the nanosheets [45–47]. Figure 3b shows the SEM
image of GO, highlighting that GO was efficiently exfoliated to form thin wrinkled sheets with
porous structures [48,49]. The images also resemble sponge-like structures due to the well-defined
and interlinked three-dimensional graphene sheets [50]. The EDS spectrum in Figure 3c shows the
elemental composition of GO and confirms that GO was oxidized due to the presence of the GO
functional groups i.e. carbon and oxygen [50,51].

 

Figure 3. High-resolution transmission electron microscopy (HRTEM) image (a), scanning electron
microscope (SEM) image (b) and energy-dispersive spectroscopy (EDS) spectrum of GO (c), respectively.

Figure 4a–c shows the HRSEM images of GO–Ag NPs, GO–Cu NPs and GO–Pt NPs, respectively.
As observed from the images, when the GO surface was loaded with the nanoparticles, the surface
changed from smooth to rough with small particles observed to be situated on the surface of
GO. Upon magnification, the nanoparticles appeared to be spread out on the surface of GO and,
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therefore, this confirms that GO was loaded with the nanoparticles [52–54]. Figure 4d–f shows the
HRSEM images of GO/Ag/DBSA–PANI, GO/Cu/DBSA–PANI and GO/Pt/DBSA–PANI, respectively.
The M/DBSA–PANI (M = Ag, Cu or Pt) nanocomposites are observed as aggregated particles that
are adsorbed on the GO surface. The surfaces and the edges are toothed, rough and very much
agglomerated [55–58].

 

Figure 4. HRSEM images of (a) GO–Ag NPs, (b) GO–Cu NPs, (c) GO–Pt NPs, (d) GO/Ag/DBSA–PANI,
(e) GO/Cu/DBSA–PANI, and (f) GO/Pt/DBSA–PANI.

Figure 5a–c shows the EDS spectra of GO/Ag NPs, GO/Cu NPs and GO/Pt NPs, respectively.
This confirms the presence of the metal nanoparticles loaded on the surface of GO [59–61]. However,
the presence of copper is attributed to the copper grid used upon sample preparation for the GO–Ag
NPs and GO-Pt NPs, but in the case of GO–Cu NPs, a nickel grid was used so as to observe the presence
of Cu NPs. Figure 5d–f shows the EDS spectra of GO/Ag/DBSA–PANI, GO/Cu/DBSA–PANI and
GO/Pt/DBSA–PANI and the quantitative analysis result indicates the presence of carbon, sulfur,
platinum, silver, and copper in the polymer composites. Also, the result confirms the formation of
platinum, silver and copper nanoparticles [62]. The presence of the sulfur is due to DBSA and this
confirms that GO was anchored with DBSA–PANI [63].

Figure 5. EDS images of (a) GO–Ag NPs, (b) GO–Cu NPs, (c) GO–Pt NPs, (d) GO/Ag/DBSA–PANI,
(e) GO/Cu/DBSA–PANI and (f) GO/Pt/DBSA–PANI.
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Figure 6a–c shows HRTEM images of GO–Ag NPs, GO–Cu NPs and GO–Pt NPs, respectively.
The nanoparticles are small-sized and well-dispersed on the surface of GO with mean particle sizes of
2.6 ± 0.3 nm, 3.5 ± 0.5 nm and 2.3 ± 0.2 nm for Ag, Cu and Pt NPs, respectively. Upon heat treatment,
there was no aggregation of the nanoparticles, hence the nanoparticles are small-sized. There is also
a strong interaction between the nanoparticle atoms and GO [64]. Figure 6d–f shows the surface
structures of GO/Ag/DBSA–PANI, GO/Cu/DBSA–PANI and GO/Pt/DBSA–PANI, respectively.
They are observed to be very dark due to the presence of GO in the polymer matrix. DBSA acts as a
surfactant and binding agent and assists in binding the polymer and the GO [65]. The single GO sheets
may also be embedded into the polymer matrix, which causes the DBSA–PANI particles to become
adsorbed on their surfaces and this process then appears as dark surfaces in the HRTEM images of
the materials [66]. Agglomerates appear as dark regions in the HRTEM images, thus supporting that
single GO sheets are embedded into the polymer matrix and DBSA–PANI particles are adsorbed onto
the surface of GO [67–70].

 

Figure 6. HRTEM images of (a) GO-Ag NPs, (b) GO-Cu NPs, (c) GO-Pt NPs, (d) GO/Ag/DBSA–PANI,
(e) GO/Cu/DBSA–PANI, and (f) GO/Pt/DBSA–PANI.

3.2. Molecular Structure Characterization—Fourier Transform Infrared (FTIR)

Figure 7a shows the FTIR spectrum of GO/Pt NPs (ii) compared with the GO spectrum (i).
GO contains carbon and oxygen functional groups, mainly O–H at 3436 cm−1 attributed to hydroxyl
and carboxylic acid functionalities, C=O at 1740 cm−1, C=C at 1636 cm−1, C=C-O at 1390 cm−1,
CO-H at 1220 cm−1 attributed to the functionality of graphene sheets and C–O at 1040 cm−1 was
related to the vibration of epoxide functionality [71]. The appearance of all these vibrational bands
indicates the presence of rich oxygen-containing functionalities in graphene oxide [72]. When the
ethylene glycol was introduced in the synthesis process, it reduced the platinum precursor and GO and
the band intensities revealed a decrease in the functional groups of the epoxide and carbonyl which
indicates the incomplete reduction of GO [73,74]. GO–Ag NPs and GO–Cu NPs behaved the same way.
FTIR studies of GO/Pt/DBSA–PANI observed in Figure 7b revealed a broad absorption band at around
~3144 cm−1, which corresponds to polyaniline N–H stretching vibrations [27,75]. The vibrational
bands centred at 1590 and 1408 cm−1 can be attributed to the stretching frequencies of quinoid and
benzenoid rings of polyaniline, respectively [76]. The band that is produced at 1223 cm−1 belongs to
the C–N stretching of the secondary amide group [52]. The band at 1180 cm−1 is attributed to in-plane
bending of the C–H bond, and bands at 1084 and 1004 cm−1 are due to the SO3

− group (O=S=O and
S-O stretching) of DBSA [77–79]. FTIR studies of GO/Ag/DBSA–PANI and GO/Cu/DBSA–PANI
revealed the same pattern. Table 2 shows and confirms the frequencies and their respective bonds
found in (a) (ii) GO/Pt NPs and (b) GO/Pt/DBSA–PANI.
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Figure 7. Fourier transform infrared (FTIR) spectra of (a) GO (i) and GO/Pt NPs (ii) and
(b) GO/Pt/DBSA–PANI.

Table 2. Table showing the wavenumbers and their respective bonds found in GO/Pt NPs and
GO/Pt/DBSA–PANI.

GO–Pt NPs GO/Pt/DBSA–PANI

Wavenumber (cm−1) Bond Wavenumber (cm−1) Bond
3436 O-H 3144 N-H
1740 C=O 1590 Quinoid
1636 C=C 1408 Benzenoid
1390 C=C-O 1223 C-N
1220 CO-H 1180 C-H
1040 C-O 1084 O=S=O

- 1004 S-O

3.3. Electrochemistry

3.3.1. Cyclic Voltammetry

The electrochemical performances of GO were measured in a symmetrical two-electrode cell in the
potential range of −1.0 V to +1.0 V in 1.0 M KOH. Figure 8a exhibits the cyclic voltammogram of GO
in which one anodic peak (i) and one cathodic peak (ii) are observed during the process. The anodic
peak (i) and cathodic peak (ii) are credited to the electrochemically active oxygen functional groups of
reduced planes of GO [34,80,81]. The persistent increase of the peak currents shown with successive
potential scans as observed in Figure 8a, indicates that the deposition of GO on glassy carbon electrode
(GCE) has been achieved. Figure 8b shows that the deposited glassy carbon electrode (GCE) modified
with the material GO displays an anodic peak (i) and cathodic peak (ii), which are attributed to the large
number of electrochemically active oxygen-containing groups of GO planes that are very stable [82,83].
The capacitive current covering from −30 to 0 μA in the CV of Figure 7b, indicates that the materials
exhibit pseudocapacitance behavior. The current under the curve is slowly increased with the scan rate
of CV, which then reveals that voltammetric current is directly proportional to the scan rates of CV [75].
The capacitance, C, can be calculated by the following equations where Q is the positive voltammetric
charge in (V); I is the average current in (A) and dV

dt is the voltage scanning rate in (mV·s−1); m is the
mass of the active materials in (g); and t is the time in (s).

C =
Q
V

(1)

C =
I

dV
dt x m

(2)
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The calculated capacitance for graphene oxide using Equation (2) was determined as 180 F·g−1,
falling within the ranges of 100–200 F·g−1 determined by other researchers. Cyclic voltammetry was
carried out a number of times in different electrolytes such as Na2SO4, Li2SO4 and H2SO4. The reason
for this was to compare and calculate the experimental error. The experimental error was calculated to
be very small and this could be due to the experimental conditions, i.e. current density, scan rates and
concentration remaining constant.

Figure 8. Cyclic voltammetry (CV) behaviour of (a) GO at 5–100 mV·s−1 and (b) GO at 50 mV·s−1.
The electrochemical behaviour of GO was studied in the potential range of −1.0 V to +1.0 V in
0.1 M KOH.

3.3.2. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is an effective method to investigate the interfacial
electron transfer characteristics of modified electrodes. The diameter of the semicircles of the Nyquist
plots is usually equal to the electron transfer resistance (Ret) value of 95.45 Ω cm2. The relationship
between Ret and exchange current density (i0) is consistent with the equation Ret = (RT)/Fi0. Here, R is
the ideal gas constant (8.314 J mol−1 K−1) and T is the room temperature (298.15 K). Figure 9 shows
the impedance of GO, GO–Ag NPs, GO–Cu NPs, GO–Pt NPs, and GO–Pt–DBSA/PANI, respectively,
obtained in aqueous solution of 0.1 M Na2SO4. The GO showed low resistance compared to the other
materials. Moreover, when the GO was modified with the other materials, the resistance increased.
These results demonstrate that the nanocomposites effectively enhance the electron transfer efficiency.

Figure 9. Electrochemical impedance spectroscopy (EIS) Nyquist plot from impedance testing of GO,
GO–Ag NPs, GO–Cu NPs, GO–Pt NPs and GO–Pt–DBSA/PANI obtained in 0.1 M Na2SO4.

3.4. Galvanostatic-Charge Discharge Test

The capacitive behaviour of GO, GO/Ag/DBSA–PANI, GO/Cu/DBSA–PANI and
GO/Pt/DBSA–PANI is given by the galvanostatic/charge discharge curve as shown in Figure 10a–d
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respectively, done at a potential range of 0 to −0.9 V. The choice of the potential range is dictated by
the choice of the electrolyte. The choice for the electrolyte was aqueous potassium hydroxide (KOH).
Its decomposition voltage limit is theoretically 1.23 V, or practically, in kinetic terms, between 1.3 V and
1.4 V. KOH is very soluble in water and because of the OH− anion, it has very good conductivities and
advantageously high equivalent conductivities in aqueous medium owing to the special mechanism
of proton transport (proton hop-ping) that determines their conductance. The materials showed a
large current density in CV curves and a longer charge–discharge time in V-t curves which then
implies a larger capacitance. The mass of the thin film of GO was 5.2 g and the first cycle charge
and discharge capacities obtained were 44.2 Ah·g−1. The voltage range was 0 −0.9 V vs. Ag/AgCl.
Cycling was done at a current density of 50 A·g−1 in an aqueous solution of 1 M KOH. The specific
charge/discharge current density was found to be 45.7 A·g−1. The specific capacitance Csp can be
calculated, where I is the current density measured in (A), t is the time measured in (s), and V is the
voltage scanning rate in (mV·s−1):

C =
It
V

(3)

Therefore, specific capacitance, Csp, can be calculated: Csp = (45.7 Ag−1 × 34.6 s)/0.9 V =
182.8 F·g−1. The Csp for GO was calculated as 182.8 F·g−1, 206.4 F·g−1 for GO/Ag/DBSA–PANI,
192.8 F·g−1 for GO/Cu/DBSA–PANI and 227.2 F·g−1 for GO/Pt/DBSA–PANI. Comparing these
values with the specific capacitance of GO, we can conclude that the materials are good materials
and therefore can be used for supercapacitor applications. Platinum is more ductile, is stable at high
temperatures and has stable electrical properties when compared to both silver and copper. Hence,
platinum has a higher response when compared to the other metals. The experiment was carried out
for a number of times under the same conditions which gave reproducible results with non-significant
error. Also, coulombic efficiency of the supercapacitor as a function of the number of cycles was
performed for 1500 cycles and a retention of up to 96% efficiency was observed.

 
Figure 10. Voltage/time cycling plot of (a) GO, (b) GO/AgDBSA–PANI (c) GO/Cu/DBSA–PANI,
(d) GO/Pt/DBSA–PANI; voltage range (0 to −0.9 V vs. Ag/AgCl) at 50 A·g−1 in 1 M KOH (aq).
Specific charge/discharge current density = 56.8 A·g−1.
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4. Conclusions

The main aim of this work was to combine the properties of graphene oxide (GO) with the
properties of metal nanoparticles (Ag, Cu, Pt) and dodecylbenzene sulfonic acid (DBSA)-doped
polyaniline (PANI) to enhance the capacitance, energy and power of developed supercapacitor
electrodes. GO has good electrical, mechanical and thermal properties and a high surface area,
which makes it a good candidate in applications such as polymer composites and energy-related
materials. Metal nanoparticles are exceptionally important due to their unique performance in
electronic, magnetic, optical and catalytic applications. Recently, carbon material/conducting
polymer/metal oxide nanoparticle composites and carbon material/conducting polymer/metal
nanoparticle composites have been used as a new class of composite supercapacitor material with
improved properties, when compared to conducting polymer or metal oxide/metal nanoparticle alone.
The addition of metal oxides or metal nanoparticles improves the size, morphology and conducting
properties of the polymer. GO was successfully synthesized by the modified Hummers method
and loaded with Ag, Cu and Pt nanoparticles by the electrostatic self-assembly and finally treated
with aniline and DBSA to form conducting polymer composites. Characterization by microscopy
techniques, HRTEM and HRSEM, revealed thin, flat, bended, and wrinkled nanosheets, with a size of
1.5 μm, and darker surfaces were shown for the conducting polymer composites. The presence of the
functional groups was revealed by EDS. The quantitative analysis of the polymer composites indicates
the presence of carbon and sulfur along with silver, copper and platinum for the composites that
contain Ag, Cu and Pt. Structural analysis by FTIR confirms the successful loading of the nanoparticles
on the surface of graphene oxide and the formation of conducting polymer composites. Prominent
bands that confirm the loading of nanoparticles and formation of conducting polymer composites
were present. The materials were tested for supercapacitor applications by galvanostatic charge
discharge and the specific capacitance of GO was determined as 182.8 F·g−1, while for the polymer
composites, the specific capacitance was determined as 206.4 for GO/Ag/DBSA–PANI, 192.8 F·g−1

for GO/Cu/DBSA–PANI and 227.2 for GO/Pt/DBSA–PANI. There are no reports on graphene
oxide loaded with metal nanoparticles combined with DBSA-doped polyaniline for application in
supercapacitors, thereby making the use of GO/M/DBSA–PANI a novel concept for the development
of high-performance organic supercapacitors.
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Abstract: This paper deals with the fabrication of Resistive Random Access Memory (ReRAM) based
on oxidized carbon nanofibers (CNFs). Stable suspensions of oxidized CNFs have been prepared in
water and sprayed on an appropriate substrate, using the dynamic spray-gun deposition method,
developed at Thales Research and Technology. This technique allows extremely uniform mats to be
produced while heating the substrate at the boiling point of the solvent used for the suspensions.
A thickness of around 150 nm of CNFs sandwiched between two metal layers (the metalized substrate
and the top contacts) has been achieved, creating a Metal-Insulator-Metal (MIM) structure typical of
ReRAM. After applying a bias, we were able to change the resistance of the oxidized layer between a
low (LRS) and a high resistance state (HRS) in a completely reversible way. This is the first time that
a scientific group has produced this kind of device using CNFs and these results pave the way for the
further implementation of this kind of memory on flexible substrates.

Keywords: ReRAM; carbon nanofibers; spray-gun deposition

1. Introduction

The dynamic spray-gun deposition method is a new, revolutionary technique that, thanks to its
versatility, can be implemented for a large range of applications. In this context, an extremely promising
application is the fabrication of low-cost graphite-based memories that can be integrated with flexible,
plastic, or paper-based substrates. In the International Technology Roadmap for Semiconductors
(ITRS) of 2011 [1], within the chapter concerning the Emerging Research Devices (ERDs) and, more
specifically, memory devices, it was stated that ultrathin graphite layers are “interesting materials
for macromolecular memories, thanks to the potential fabrication costs that are considered as the
primary driver for this type of memory, while extreme scaling is de-emphasized”. Indeed, these
memories can be implemented in low-cost applications and integrated, for example, in ID cards, driver
licenses, smart-cards, and on paper, as well as potentially being patched for health applications; the
implementation of these memories demonstrate the possibility of storing information and changing
it in an easy way. Up until now, there has been no commercialized technology available for flexible,
low-cost memories. In this piece, we will describe how Metal-Insulator-Metal (MIM) structures were
fabricated, where the carbon-based materials were sandwiched between two metal contacts. This
kind of structure is a Resistive Random Access Memory (ReRAM), in which the resistance of the
sandwiched material is changed by applying a bias between the top and bottom contact.
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The first work highlighting the utilization of graphene-based mats for flexible, non-volatile
ReRAM was published in 2010 by Jeong et al. [2]. In this paper, by exploiting the hydrophilic character
of Graphene Oxide (GO) flakes, they achieved stable suspensions and deposited them on large surfaces
through a spin coating process. The work of Jeong et al. demonstrated the non-volatile effect on the
resistance of a 70-nm-thick layer of GO flakes consisting of a layered structure of Al/GO/Al in a
cross-bar configuration. Another interesting piece of work was produced by He et al. in 2009 [3], when
reliable and reproducible resistive switching behaviors were observed in GO thin films prepared by
the vacuum filtration method, a common technique used to fabricate Carbon Nanotube (CNT)-based
bucky papers. The main hypothesis regarding the physical principle at the origin of the switching
effect was surrounding the absorption/desorption of oxygen-related groups on the GO sheets, as well
as the diffusion of the top electrodes. Indeed, the alignment of the oxygen vacancies creates conducting
paths that reduce the resistance of the sandwiched layers moving from a high-resistance state (HRS)
to a low-resistance state (LRS) [4]. Another hypothesis concerned the oxidation of the top contact.
The pioneering work of Hong et al. [5] included a deep analysis of the switching mechanism of this
kind of device, underlining that these structures’ performances depend on the origin of the top contact.
For example, in the case of Au-based top electrodes, there was no oxygen migration in opposition to
Al electrodes. This can be explained because Au contacts cannot be oxidized. To evaluate the effect of
the oxidation, Hong et al. performed measurements by fabricating contacts with different dimensions.
As suspected, if the change in the resistance is related to the formation of dendrites, it does not depend
on the contact dimensions [6]. Hong and coworkers demonstrated that the current between the two
contacts was a function of the dimensions of the top contact and was therefore proportional to the
number of potential conductive patches built-up by the oxygen vacancies. All of these experiments
underlined the fact that GO was potentially useful for future non-volatile memory applications.

According to the above, our work focused on oxidized carbon nanofibers (CNFs) together with
GO, a combination that could overcome the challenges that were faced in the previous studies.

2. Materials and Methods

2.1. Definition of the CNFs’ Specifications

Taking into account the aforementioned preliminary results, this study aimed to fabricate
memories based on oxidized CNFs [7]. CNFs are less expensive in comparison with CNTs and
are easier to be fabricated. In this case, graphene worked only as the “vehicle” of the oxygen atoms,
i.e., graphene was the carrier of the necessary oxygen [8]. Considering that the final thickness of the
insulator layer needed to be around 50 nm, extremely diluted suspensions using oxidized CNFs in
de-ionized water were used, as described in the following.

2.2. Carbon Nanofibers’ Growth, Purification, and Functionalization

CNFs were synthesized in the Research Unit of Advanced, Composite, Nanomaterials, and
Nanotechnology, of the National Technical University of Athens, through the Thermal Catalytic
Chemical Vapor Deposition technique (TC-CVD). The specifications of the synthesized materials
were defined as described in 2.1, to fit the application. The TC-CVD method is a versatile technique,
through which structures with different geometries can be produced [9]. Thus, a length of ~5 μm
and a diameter of 50 ± 5 nm were aimed for, which was achieved with the use of the appropriate
catalyst and was synthesized in-house. The catalyst consisted of Fe3+ particles, embedded on Al2O3,
which had been prepared via the impregnation method [10]. The parameters of the CVD (Chemical
Vapor Deposition) reaction also played a crucial role in the obtained structures. Thus, after a series
of preliminary experiments, a temperature range of 700–750 ◦C was chosen for the reaction to take
place, together with a total flow rate of 330 mL/min for the reaction gases (acetylene and nitrogen of a
volume ratio of 1:2, respectively).
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After their synthesis, CNFs were purified to remove any amorphous by-product remaining, which
could be observed as spherical agglomerates in a fluffy form. Moreover, the purification enabled
the removal of the metallic catalyst residues. In order to purify the sample, a step-by-step chemical
procedure took place. Initially, the sample was stirred in NaOH (1 mol/L) for 2 h at 80 ◦C to remove the
Al2O3 substrate. Afterward, the dried sample was extracted with 5 mol/L of HCl overnight in a Soxhlet
extractor at the boiling point of the acid. Washing took place with distilled water extensively, in order
to remove the dissolved catalyst. The success of the purification was confirmed with Energy Dispersive
X-Ray Spectroscopy (EDS) analysis, the results of which are presented below (Figure 1). As can be seen,
Fe has been totally removed (0.0 wt.%), while Al from the Al2O3 substrate is up to 1.8 wt.%. The 5 wt.%
Si refers to the Si wafer substrate, where the CNFs’ growth took place. In Figure 1, the morphology of
the purified CNFs is also presented, which was studied through Scanning Electron Microscopy (SEM).
The CNFs produced form entangled bundles with straight structures of less than 5 μm. Their surface
is smooth and their diameters are 50 ± 5 μm. Figure 2 presents the CNFs’ internal structure, which
has been studied through Transmission Electron Microscopy (TEM). The interconnections of the inner
sidewalls are clearly visible. Their internal cavity is also able to be observed and these nanofibers are
classified as being stacked-cup.

Figure 1. SEM images of the produced carbon nanofibers (CNFs) in (50,000× and 100,000×
magnification) and an Energy Dispersive X-Ray Spectroscopy (EDS) analysis of CNFs for the
purification assessment.

 
Figure 2. A Transmission Electron Microscopy (TEM) image of the produced carbon nanofibers (CNFs),
showing the interactions of the inner sidewalls.

The final step prior to the use of the CNFs in the spray-gun deposition is their oxidation. Chemical
functionalization of their surface was carried out with the treatment of strong acids [11]. Specifically,

170



Micromachines 2019, 10, 95

a mixture of 12 mol/L H2SO4/HNO3 in a volume ratio of 3:1 was used. The CNFs were boiled
under reflux (~120 ◦C) in the acid mixture overnight. Then, intense washing with distilled water
took place through several repetitions of centrifugation and a final step of vacuum filtration. By this
point, oxidation of their surface was achieved, since the oxygen groups were anchored (–COOH, –OH,
=O). After the described chemical functionalization, the CNFs were dispersed in de-ionized water
and the stabilized suspensions were ready to be sprayed. Considering that the CNFs were oxidized,
extremely stable suspensions were obtained. This enabled the development of a green-type process
and a reduction in the heating temperature on the heating chuck; in the case of N-Methyl-Pyrrolidone
(NMP, the most common solvent for carbon-based nanomaterials), the heating temperature is larger
than 202 ◦C, but in the case of water, it is only 100 ◦C.

2.3. Carbon Nanofiber-based Suspensions for the Spray-Gun Deposition Method

The suspensions were obtained using 10mg of oxidized CNFs in 500 mL of de-ionized water.
Centrifugation was performed for 20 min, in two phases, at 3000 rpm. The top parts of the suspensions
that were centrifuged was removed. This step is important in order to avoid the utilization of the
bundles of high thickness; a critical parameter for the final fabrication of the memories. Indeed, the
increased roughness can create dendrites (aligned metal particles linking the two electrodes) and,
therefore, can lead to the short-circuiting of the device. The parts of the suspensions that were removed
were further diluted in 500 mL of de-ionized water and sonicated in a bath for 6 h. Afterward, the
deposition of a 2” silicon-based substrate, that was preliminarily metalized using a Ti/Pt layer, was
performed. The equipment used to spray the suspensions has been developed at Thales Research and
Technology, using a patented process [12], and it constitutes the first prototype of this type of machine.
This technique has already been implemented for other applications, such as gas sensing [13–16] and
energy storage [17–19]. A picture of the machine set-up is shown in Figure 3 [18,20]. To perform the
spray, the nozzle can move in two directions (x and y, see Figure 3), while the z-direction is set-up at
the beginning. Due to this, samples with dimensions of 15 cm × 15 cm can be sprayed. The substrate
is positioned on a heated chuck that can reach 250 ◦C. The temperature adjustment is an important
parameter; in order to avoid the “coffee ring effect”, the drops reaching the substrate are heated at the
boiling point of the solvent, which is 100 ◦C in this case, with water. Due to this, the nanomaterials
in the drops are stuck in the impact zone and cannot move to the borders of the drop, achieving a
uniform deposition.

In the following pictures, the top view of the sample is shown at different time points of the
deposition of the suspensions. The last picture corresponds to one liter of the suspension having been
deposited. We can see that, in Figure 4f, the couverture of the sample is optimized. The final thickness
is around 150 nm.

171



Micromachines 2019, 10, 95

 

Figure 3. The dynamic spray-gun set-up developed at Thales Research and Technology.

Figure 4. SEM images of carbon nanofibers (CNFs) deposited with the spray technique. The coverage
rate increases until full coverage is reached in Figure 5e (single nozzle) and 5f (double nozzle). The
concentration of the CNFs is increased due to the deposition time (a) 3 μm−1 (b) 6 μm−1 (c) 10 μm−1

(d) 15 μm−1 (e) 30 μm−1 (f) 60 μm−1 (the number corresponds to the CNFs, but an error of around
20% must be taken into account).
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On top of the deposited CNFs layer, we patterned 100 μm × 100 μm squares where we then
deposited AlCu/Au contacts. The active memory stack is depicted in Figure 5:

Figure 5. The side and top views of the sample.

3. Results and Discussion

To investigate the change in the resistance of the sandwiched CNF samples, an I-V
(current-voltage) measurement was made using a probe station and a Keithly SMU module. The
samples were placed on the chuck of the probe station, with two probes being used, one to contact
the top electrode and the other to contact the back one. A bias was applied and the current flowing
through the CNFs was measured. The sweep of the bias was made firstly from 0 V to −1.5 V, then
from −1.5 V to 1.5 V, before moving back from 1.5 V to 0 V again.

One hundred cycles like the one described were performed. The measured current for one cycle
is shown in Figure 6. The oxidized CNFs are in contact with the inert bottom electrode of Pt and the
easily-oxidized top electrode of AlCu. By applying a positive voltage between the bottom and top
electrode, the oxygen atoms migrate from the oxidized CNF layer to the AlCu electrode. By applying
the opposite voltage, the oxidized AlCu electrode gives back the oxygen atoms to the CNF-based layer.
This back and forth movement of the oxygen atoms leads to a hysteretic change.

Figure 6. (a) The schematic side view of the two states of resistance of the memory stack (b) An image
of a cycle obtained by applying a voltage between the inert Pt electrode and the AlCu electrode. The
hysteretic change of current results from the migration of oxygen atoms between the carbon nanofiber
(CNF) layer and the AlCu metal.

One must note that the purity of the CNFs is essential to obtain this kind of behavior. In the case
of non-purified CNFs, pinning of the memory has been observed, meaning that after a few cycles,
the memory stays stuck in one state. This issue has been overcome by using purified CNFs, in which
the memory stands show typical hysteresis cycles without being trapped in one state, as depicted in
Figure 7. The tests showed that the memory behavior was retained throughout the 100 cycles.
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Figure 7. (a) Non-purified carbon nanofibers (CNFs) lead to memories being pinned in one state after a
few cycles. (b) A memory fabricated with purified CNFs withstands many cycles without being pinned
in one state.

If the principle of the memory has been understood correctly, many aspects are still to be
investigated, such as the number of cycles the memory can withstand and the aging of the memory.
By carefully observing Figure 7, it is clear that we have to understand why a sort of instability of
the cycles exists, causing them to have the tendency to shift, even if their on/off ratio is maintained.
However, their easy fabrication and their high rate of success, in terms of cycles observed for each
memory row, make us believe that this new type of memory is very encouraging.

4. Conclusions

This paper describes, for the first time, the fabrication of memories based on oxidized CNFs. This
is the first time that a scientific group has demonstrated the possibility of producing memories using
these materials. Moreover, these Resistive Random Access Memories (ReRAMs) have been fabricated
using a completely new technique based on the dynamic spray-gun deposition method, patented
by Thales. The importance of these results has to be taken into account because the CNF memories
obtained on hard substrates can potentially pave the way for the revolution of memories on flexible
substrates which, at the moment, do not exist as a commercial component in the market. Due to this, we
would be able to widen the implementation of the technique to large market applications, such as ID
cards, smart cards, memories for health monitoring on specific patches (e.g., diabetes monitoring), and
ticketing. CNF-based memories can be fabricated roll-to-roll using the spray-gun deposition method,
thereby dramatically reducing the cost of the devices. They can also be fabricated on paper-based
substrates, creating disposable components, or integrated into radio-frequency identification (RFID) on
plastics to add to the capability of storing information. However, a lot of work has to be done. Indeed,
we have to understand why the cycles are unstable; the on/off ratio for each cycle is nearly the same
but the current is increased. In addition, the metal contact appears to have a very important influence,
considering that if we perform more measurements on the same byte, we do not obtain exactly the
same graphs, even if the overall hysteresis behavior is always present. The other main problem is the
identification of the exact formatting bias that activates the hysteresis cycle. For this reason, we need
to do more systematic measurements on more samples, even if the phenomenon identified is very
impressive considering the equipment used to achieve these kinds of structures and their potential
implementation on a roll-to-roll production pilot line.
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Abstract: The effect of carbon nanotubes, graphene-like platelets, and another carbonaceous fillers
of natural origin on the electrical conductivity of polymeric materials was studied. With the aim of
keeping the filler content and the material cost as low as possible, the effect of laser surface treatments
on the conductivity of polymer composites with filler load below the percolation threshold was
also investigated. These treatments allowed processing in situ conductive tracks on the surface of
insulating polymer-based materials. The importance of the kinds of fillers and matrices, and of the
laser process parameters was studied. Carbon nanotubes were also used to obtain piezoresistive
composites. The electrical response of these materials to a mechanical load was investigated in view
of their exploitation for the production of pressure sensors and switches based on the piezoresistive
effect. It was found that the piezoresistive behavior of composites with very low filler concentration
can be improved with proper laser treatments.

Keywords: carbon nanofillers; electrical conductivity; piezoresistive behavior

1. Introduction

1.1. Polymer/Carbon Filler Conductive Composites

Polymer composites with carbonaceous micro and nanofillers were widely investigated
during recent years because of their mechanical, electrical, and thermal properties. In particular,
nanocomposites show noticeable structural and functional properties that can be exploited for a broad
range of applications in every field. The potential of these materials as low-weight structural materials
and functional materials for optical devices, electromagnetic shields, electric components, and medical
devices (body-attachable adhesives for measuring biosignals) attracted increasing interest [1–5].

Actually, carbon nanofillers can be used for greatly enhancing the electrical conductivity of both
thermoplastic and thermoset resins and improving their mechanical behavior at the same time. For
these reasons, the potential of carbon nanotubes (CNTs) and graphene-like nanoplatelets (GNPs) for
processing conductive polymer-based composites was investigated [1–4]. The electrical conductivity
of CNTs ranges between 105 and 107 S/m, and the typical conductivity value for GNPs is around
105 S/m. These conductivity values are similar to those of graphite (105 S/m on the graphene sheets
constituting the graphite structure), which is traditionally used as filler for polymeric composites.
On the other hand, the high aspect ratio of CNTs and GNPs can be exploited for achieving more
easily the percolation threshold for electrical conductivity. This threshold for electrical conductivity
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is observed when the concentration of carbon filler is high enough to allow the formation, inside
the polymer matrix, of a continuous network of filler particles, which causes a sudden jump in
electrical conductivity.

However, the electrical conductivity of polymer–nanocarbon composites is also greatly affected
by the kind of matrix and the fabrication process. For instance, a comparison of literature data [1,5]
shows that the percolation path forms after the addition of very different amounts of CNTs to different
matrices (from less than 1 wt.% to more than 10 wt.%). Likewise, the addition of similar loads of GNPs
to different matrices, as well as the fabrication of the same composite with different methods, can result
in dramatically different electrical conductivity values, placed in a range even ten orders of magnitude
wide [3]. As a consequence, the filler concentration required for achieving the threshold depends not
only on the kind of composite, but also on the composite processing method. In fact, very different
values of filler concentration at the percolation threshold were reported in the literature for composites
with the same matrix and filler [1–3], which makes it very hard to establish a filler concentration of
general validity corresponding to the threshold.

1.2. Relevance of Filler Morphology, Synergetic Effects, and Laser Treatments on Electrical Conductivity

Huang et al. [6] modeled the effect of the geometric factor on the conductivity of composites
containing CNTs and GNPs. In general, due to the higher aspect ratio, CNTs are believed more effective
than GNPs for achieving the percolation threshold [7,8], but the method adopted for the fabrication
of the composite in this case also entails great importance. In fact, the alignment of CNTs along a
direction favors the formation of a conductive pathway for both electrons and phonons and, therefore,
can be exploited for enhancing conductivity. Goh et al. [9] reviewed the methods that can be used
for obtaining a preferential orientation of fillers (e.g., the application of electrical or magnetic fields
and shear forces during the composite fabrication). Both the orientation and size of GNPs were also
found to appreciably affect the electrical, thermal, and mechanical behavior of polypropylene–GNP
composites [10]. The combination of fillers with different aspect ratios can be exploited to obtain a
conductive network inside a polymeric matrix. A synergetic effect between CNTs and GNPs or CNTs
and carbon black particles was observed [11,12] for epoxy and some thermoplastic matrices, such as
styrene–butadiene, poly(ethersulfone), polyvinylidene fluoride, and poly(vinyl alcohol). However, it is
doubtful that the synergetic effect can occur in every kind of composite, since Paszkiewicz et al. [13]
did not find any evidence of it when investigating the electrical conductivity of polyethylene filled by
CNTs or CNTs plus GNPs.

According to an alternative approach, surface laser treatments proved their suitability for locally
improving the electrical conductivity of nanocarbon-filled polymers and, thus, for processing metal-free
electrical circuits [14–16]. The laser beam causes the pyrolysis of the polymeric matrix on the composite
surface with the formation of gaseous species that leave the material. In this manner, the filler/matrix
ratio greatly increases, the percolation threshold is locally achieved, and conductive tracks form on the
surface of an insulating composite with low mean filler content.

1.3. Polymer/Carbon Filler Piezoresistive Composites

The addition of carbon fillers shows potential not only for converting insulating polymers into
conductive materials, but also for providing polymers of antistatic, electromagnetic absorption, and
piezoresistive properties.

The piezoresistive behavior of polymers filled by CNTs, GNPs, thermally reduced graphene oxide,
or carbon nano-blocks can be exploited for the fabrication of strain sensors [5,17–20]. The piezoresistive
effect in these nanocomposites can be due to changes in the network formed by filler and variation of
the piezoresistivity of fillers because of their own deformation. The stability and reproducibility of the
electro-mechanical response of these nanocomposites is required for practical applications and should
be further investigated. Systems with rather high filler content (from 5 to around 20 wt.% of filler)
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were studied [17,20], while efforts should be spent to keep the filler concentration and the material
cost as low as possible.

1.4. Aim of the Work

In this paper, the laser processing of conductive tracks on several nanocomposites produced in a
very similar manner was investigated, with the aim of demonstrating the viability of this approach for
most composite systems, investigating the importance of laser writing parameters, and reducing the
filler concentration needed for achieving locally electrical conductivity. The piezoresistive behavior
of some nanocomposites and the effectiveness of laser treatment for improving the piezoresistive
properties were also studied.

2. Materials and Methods

Several commercial thermoplastic polymers were used as composite matrices: high-density
polyethylene (HDPE; Lupolen 4261 A IM, LyondellBasell, Houston, TX, USA), polypropylene– ethylene
copolymer (PP; Hostacom CR 1171 G1, LyondellBasell), polycarbonate and acrylonitrile–butadiene–
styrene blend (PC-ABS; Babyblend T65XF, Bayer Material Science-Covestro, Leverkusen, Germany),
acrylonitrile–butadiene–styrene (ABS; Cycolac, Sabic, Riyadh, Saudi Arabia), and ethylene–
propylene–diene monomer (EPDM; 719.A65 Forflex, SO.F.TER, Lebanon, TN, USA). These matrices
were blended with carbonaceous micro and nanofillers: multiwall carbon nanotubes (MWCNTs;
NC7000, Nanocyl, Sambreville, Belgium), graphene nanoplatelets (GNPs 25; AB304024 25 μm wide and
6–8 nm thick, ABCR Gute Chemie; GNPs grade 4, 1–2 μm wide and less than 4 nm thick, Cheaptube Inc.,
Cambridgeport, VT, USA), graphite flakes with a median size of 7 to 10 μm (Alfa Aesar, Ward Hill, MA,
USA), and biochar OSR700 (UK Biochar Research Center, Edinburgh, Scotland). Also, masterbatches
of composite materials were used to produce the samples under investigation. A masterbatch PP/15
wt.% CNTs (Nanocyl NC7000) was acquired from Hostacom, while other masterbatches (HDPE/6
wt.% CNTs, HDPE/12 wt.% GNPs 25, PC-ABS/2.75 wt.% CNTs, and HDPE/12 wt.% graphite) were
produced in the laboratory by mixing the matrix and the filler. These masterbatches were processed by
melt blending using a PlastiCorder Brabender W50E model. The material out of the mixer was then
transferred to a pelletizing machine (Piovan RSP 15/15, Maria di Sala, Italy). Several composite samples
with different compositions were finally prepared according to two possible paths: direct mixing of
matrix and filler, or mixing of one or two masterbatches with the unfilled matrix. These composite
samples were processed by mixing pellets of the starting materials using a twin-screw extruder
(EuroLab 16mm XL 40:1 L/D Thermo Fisher Scientific, Waltham, MA, USA) with a final pelletizing
unit (Thermo Haache Eurolab). The processing path for each material submitted to the investigation
of electrical behavior is summarized in Table 1. Composite plates (67 mm × 12.8 mm × 2.9 mm) were
fabricated by injection molding (Babyplast equipment of Cronoplast S.L.) of the composite pellets
produced as described above. Larger plates (140 mm × 90 mm × 3 mm) were also produced (using
a press Micro 65 series, Sandretto, Pont Canavese, Italy) with the aim of investigating the possible
interaction between adjacent tracks.

Laser tracks were processed on the surface of these plates by using a CO2 laser equipment (LASIT
Towermark XL (Torre Annunziata, Italy), with a power of 100 W, a wavelength of 10.6 μm, and a spot
size of 100 μm with 0 defocusing). Several parallel tracks were written at a distance of 1 cm on the
plates in order to investigate their electrical resistance, as well as the inter-track resistance. A single
track was produced in the middle of the plates in order to investigate the piezoelectric behavior. The
laser treatment was performed under nitrogen atmosphere in order to avoid sample oxidation. The
parameters adopted for the laser treatment were optimized for the different composites.
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Table 1. Surface resistance per length unit measured for the laser tracks obtained under optimized
conditions (P = power; S = scan rate; N = number of repetitions; F = frequency; D = defocus) on several
polymer–carbon filler systems (* not good reproducibility).

Material Filler Production Process Laser Parameters
Surface Resistance

per Length Unit

HDPE/6 wt.%
MWCNTs

MWCNTs Nanocyl
NC7000

Masterbatch produced by melt
compounding high-density
polyethylene (HDPE) and

multiwall carbon nanotubes
(MWCNTs)

P = 10%, S = 100 mm/s,
N = 25, F = 15 kHz, D =

50 mm
1.28 kΩ/cm

HDPE/4 wt.%
MWCNTs

MWCNTs Nanocyl
NC7000

Twin screw extrusion of
masterbatch HDPE/MWCNTs

and HDPE, pelletizing and
injection molding

P = 10%, S = 100 mm/s,
N = 25, F = 15 kHz, D =

50 mm
19.7 kΩ/cm

HDPE/4 wt.%
MWCNTs/4
wt.%GNPs

MWCNTs Nanocyl
NC7000;

GNPs ABCR 25 μm
6–8 nm

Twin screw extrusion of
masterbatch HDPE/MWCNTS

and masterbatch
HDPE/graphene-like

nanoplatelets (GNPs), pelletizing
and injection molding

P = 10%, S = 100 mm/s,
N = 25, F = 15 kHz, D =

50 mm
46 kΩ/cm

HDPE/4 wt.%
MWCNTs/4 wt.%

graphite

MWCNTs Nanocyl
NC7000;

Graphite Alfa-Aesar
7–10 μm

Twin screw extrusion of
masterbatch HDPE/MWCNTs

and masterbatch HDPE/graphite,
pelletizing and injection molding

P = 10%, S = 100 mm/s,
N = 25, F = 15 kHz, D =

50 mm
7.01 kΩ/cm

PP/30 wt.%
biochar

Biochar pellets OSR700
UK Biochar Research

Center

Melt blending of PP and biochar,
twin screw extrusion, pelletizing

and injection molding

P = 15%, S = 50 mm/s,
N = 7, F = 5 kHz, D =

30 mm

4 MΩ/cm
(antistatic)

PP/2 wt.% CNTs MWCNTs Nanocyl
NC7000

Melt blending of masterbatch
PP-MWCNTs and PP, pelletizing

and injection molding

P = 20%, S = 50 mm/s,
N = 25, F = 10 kHz, D =

200 mm
0.9 kΩ/cm

PP/1 wt.% CNTs MWCNTs Nanocyl
NC7000

Melt blending of masterbatch
PP-MWCNTs and PP, pelletizing

and injection molding

P = 20%, S = 200 mm/s,
N = 25, F = 15 kHz, D =

100 mm
12.3 kΩ/cm

PC-ABS/1.0 wt.%
CNTs

MWCNTs Nanocyl
NC7000

Twin screw extrusion of
masterbatch PC-ABS-MWCNTs

and PC-ABS, pelletizing and
injection molding

P = 5%, S = 300 mm/s,
N = 30, F = 30 kHz, D =

0 mm
3.96 kΩ/cm

PC-ABS/0.75 wt.%
CNTs

MWCNTs Nanocyl
NC7000

Twin screw extrusion of
masterbatch PC-ABS-MWCNTs

and PC-ABS, pelletizing and
injection molding

P = 5%, S = 100 mm/s,
N = 20, F = 5 kHz, D =

0 mm
0.41 kΩ/cm

PC-ABS/0.5 wt.%
CNTs

MWCNTs Nanocyl
NC7000

Twin screw extrusion of
masterbatch PC-ABS-MWCNTs

and PC-ABS, pelletizing and
injection molding

P = 10%, S = 100 mm/s,
N = 20, F = 30 kHz, D =

0 mm
0.02 kΩ/cm

PP/5 wt.% GNPs GNPs ABCR (1–2 μm) Melt mixing, pelletizing and
injection molding

P = 20%, S = 200 mm/s,
N = 25, F = 15 kHz, D =

100 mm
≈5 * kΩ/cm

ABS/5 wt.% GNPs GNPs ABCR (1–2 μm) Melt mixing, pelletizing and
injection molding

P = 20%, S = 200 mm/s,
N = 25, F = 15 kHz, D =

100 mm
≈5 * kΩ/cm

The morphology of the tracks was investigated using a field-emission (FE)-SEM Zeiss MERLIN
(Carl Zeiss AG, Oberkochen, Germany) and a Profilometer confocal microscope Leica DCM8 (Leica
Microsystems Inc., Buffalo Grove, IL, USA).

Electrical resistance of the as-produced composites and tracks processed by laser writing was
measured using a multimeter (Keitley 2700E, full scale value 120 MΩ, Keithley Instruments, Cleveland,
OH, USA). Silver paint was deposited at the beginning and the end of the tracks with the aim of
granting better contact with the steel probes of the multimeter.

For the investigation of the piezoelectric behavior, cyclic three-point bending tests were carried
out using a dynamometer (Instron 5544, Norwood, MA, USA), contemporaneously measuring
the displacement and the resistance variation by means of an extensometer and a Keithley 2700E
multimeter. The software of the dynamometer (Bluehill3, Instron, Norwood, MA, USA) and that of the
multimeter (Labview, version 2015, National Instruments, Austin, TX, USA) were interfaced with the
data recording system.
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3. Results

3.1. Laser Writing of Conductive Tracks on Carbon-Filled Polymers

Laser treatment of the surface of insulating composites can be exploited for locally changing their
composition with the aim of increasing the carbon filler concentration until the percolation threshold
for electrical conductivity is achieved. This approach offers the opportunity of creating conductive
paths through the modification of the surface of composites that are not conductive and are not too
expensive, because they contain rather low concentrations of expensive fillers, like CNTs and GNPs,
or higher concentrations of cheap fillers.

In every case, the laser beam causes the pyrolysis of the polymeric matrix, which results in the
formation of gaseous species that leave the material, thereby increasing the filler/matrix ratio. Laser
irradiation was also exploited for improving the nanostructure of films made of CNTs deposited on
different substrates [21–23]. This treatment resulted in the change of the film resistance owing to the
decrease in impurity content in CNTs and defect healing/recrystallization. Therefore, in principle,
laser irradiation could provide some conductivity improvement through filler modification. On the
other hand, the treatment conditions we adopted for writing the conductive tracks seem very far from
those suitable for modifying the structure of carbonaceous nanofillers (for instance, in this last case, the
laser wavelength was one order of magnitude lower than that we used in the present investigation).
For this reason, the change in filler concentration resulting from the polymeric matrix depletion can be
considered as the main effect causing the enhancement of conductivity inside the tracks produced by
laser writing.

The effect of the laser treatment is strictly related to the amount of energy given to the substrate,
which in turn depends on the kind of laser and the processing parameters. Laser power and frequency,
speed of movement of the laser beam on the surface, distance of the laser source from the treated
surface (called defocusing hereafter), and numbers of laser runs on the same part of the surface
(number of treatment repetitions) were the main parameters to be considered. The final electrical
properties of the tracks that the laser beam writes on the surface also depend on the characteristics and
the concentration of conductive filler, as well as on the tendency of the polymeric matrix to undergo
thermal decomposition.

The concept of laser surface treatment and the morphology of the surface conductive track are
shown in Figure 1. The laser writing on the composite surface locally causes a great enhancement
of concentration of the carbonaceous filler or fillers, represented in Figure 1 as green rods and blue
particles dispersed within the matrix. This effect is confined within the track and affects a surface
layer of the material 1–2 mm wide and some hundreds of micrometers thick. The surface morphology
after the laser action is also depicted at different magnifications in Figure 1, as shown in the middle of
the track where the laser leaves a forest of nanotubes protruding from the polymeric substrate. For
practical applications, the conductive tracks must be processed inside a non-conductive support in
order to avoid short circuits.

Figure 1. Effect of laser ablation on the surface (a); SEM micrographs at different magnifications of
resulting tracks showing increased content of conductive filler (b,c).
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In order to better understand the importance of the different processing parameters and their
effect on the track conductivity, it is necessary to perform several tests, preferably using the design of
experiment (DOE) approach, since it allows limiting the number of experiments [24]. As an example,
the outcomes of the DOE approach in the case of laser treatment of polycarbonate/acrylonitrile
butadiene styrene (PC/ABS) composite with 0.75 wt.% of CNTs are reported here. As the number of
factors affecting the track conductivity was above four, a two-level fractional factorial design approach
was adopted. Each laser trial differed from the others because two parameters out of five were changed.
The lower and upper limit for the processing parameters were as follows: 5–30% of the maximum laser
power, 100–600 mm/s for writing speed, 5–30 Hz for frequency, 0–50 for the number of repetition, and
0–50 mm for defocusing. The importance for conductivity enhancement of the different parameters
and of their combinations is summarized by the Pareto plot in Figure 2. On the y-axis, each laser
parameter or combinations of parameters possibly affecting the final conductivity of the tracks are
reported. For each of these parameters or couple of parameters, the higher or lower importance of the
effect on the final conductivity is represented by an index reported on the x-axis.

 
Figure 2. Pareto plot showing the relevance of different parameters and their combinations on the
conductivity of tracks.

From this plot, it is clear that the resistance chiefly depends on power and writing speed, as well
as from the combination of these to parameters, because they determine the amount of energy which
is given to the substrate in the unit of time. The number of repetitions affects the final resistance
less, while the other parameters exert only secondary effects. Nonetheless, many repetitions of the
treatment along the same track result in the progressive depletion of the matrix and, as a consequence,
in the increase of filler concentration and conductivity. The effect of the number of repetitions on the
resistance of tracks processed on the surface of PP–matrix composites with different loads of CNTs
(from 1 wt.% to 4 wt.%) is depicted in Figure 3. For each curve reported in this figure, the measure of
resistance was repeated on the same track after progressively increasing the number of laser runs. The
resistance decreased more or less quickly with the number of repetitions depending on the starting
conductivity of the composite, which is initially controlled by the filler concentration.

The main importance of these three parameters (power, writing speed, and number of repetitions)
was observed for many kinds of polymer–carbon composites submitted to laser functionalization,
but there are also limits in the selection of both material and processing conditions that should be
considered for practical applications. As a matter of fact, the conductive tracks can be obtained by
laser-treating composites with filler concentrations below or above the percolation threshold. When
the filler concentration is over the percolation threshold, the conductivity inside the tracks is very
good, but to create conductive paths inside a conductive material has no practical relevance because,
of course, short circuits form between the tracks. The amount of energy delivered by laser treatment by
unit of surface and unit of time, which increases when power increases and writing speed decreases,
greatly affects the conductivity and the morphology of the tracks. However, only a fraction of the
maximum power of the laser can be used, because too much energy results in deep tracks, high
temperature gradients, and high thermal stresses, which can even cause deformation of the sample.
Similar effects can be observed when the writing speed is excessively low. Then, these two parameters
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can be changed only within limited ranges and not independently. Several repetitions of the laser
passage can be adopted to deliver the energy over a longer period, thus reducing the risk of sample
distortion. However, the repetition of the treatment has a noticeable effect on the morphology of
the track, since it causes an increase in depth and width of the conductive path. The variation of
track morphology with the number of repetitions can be assessed using profilometry, as shown in
Figure 4a,b.

Figure 3. Decrease in track resistance with the number of laser treatments performed on polypropylene–
ethylene copolymer (PP)/carbon nanotube (CNT) composites (P = 35%, scan rate = 200 mm/s,
F = 15 kHz, defocus = 0 mm).

Figure 4. Profilometric measurements of tracks processed on polycarbonate and acrylonitrile–
butadiene–styrene blend (PC-ABS)/0.5 wt.% CNT composite under different conditions: (a) wide and
deep track resulting from repetitions (D = 0, P = 10, F = 5, S = 100, N = 20), (b) less severe treatment
(D = 50, P = 50, F = 5, S = 600, N = 1), (c) comparison between narrow and deep track profile, obtained
on PP/2 wt.% CNTs, resulting from low defocusing (D = 50, P = 15, F = 15, S = 200, N = 25) and wide
track profile (D = 150, P = 40, F = 15, S = 200, N = 25).

Furthermore, defocusing is responsible for the track morphology. In Figure 4c, the profile of two
tracks obtained on PP/2 wt.% CNT composites, with defocusing of 50 mm and 150 mm, are compared.
The increase in defocusing (which must be coupled with the power increase, since the energy is spread
on a larger surface) results in the track widening.
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The widening of the tracks obtained on insulating composites can cause short circuits between
adjacent tracks. This effect can be attributed to the presence of zones with increased filler concentration
placed in between two tracks, resulting from an incomplete homogeneous dispersion of filler in
the matrix.

Conclusively, the best processing parameters should be selected not only with the aim of
improving the conductivity as much as possible and obtaining reproducible resistance values, but
also taking into account that inter-track conductivity and material deformation must be avoided.
Nevertheless, the choice of the most suitable processing parameters mainly depends on the
characteristics of the filler (such as intrinsic electrical conductivity, size, and aspect ratio), the filler load,
the homogeneity of filler distribution inside the matrix, and the response of the matrix to the laser
action. For these reasons, the laser process should be tailored for each kind of composite. Processing
parameters selected for maximizing conductivity are shown for several different matrix/filler systems
in Table 1. Concentrations of fillers below the percolation threshold were generally adopted for the
composite production, and the laser writing process was tailored to increase the track conductivity as
much as possible without causing short circuits between the tracks. On the other hand, the percolation
thresholds depend on the kind filler and matrix, and the effectiveness of the production process of
the composite; therefore, very different CNT loads (from 0.5 wt.% to 4 wt.%) were used for different
matrices. In addition, for composites with a filler load around (PP/2 wt.% CNTs, HDPE/4 wt.%
CNTs) or even over (HDPE/6 wt.% CNTs), the percolation threshold [1] was treated in order to better
understand the impact of the filler concentration on the conductivity of the paths produced by the
laser action.

Laser power between 5% and 20% of the maximum power available and writing speed between
50 mm/s and 300 mm/s were adopted. Different combinations of these two parameters were used
for different kinds of composites, which means that different amount of energy were required for
the pyrolysis of different matrices, and that the concentration and kind of fillers can affect the energy
adsorbed by the composite. The number of repetitions and the defocusing were tuned in order to
obtain tracks of similar morphology on composites with different composition. Table 1 also shows
that, in spite of the parameter optimization, the laser-writing process gives rise to conductive tracks
showing very different resistance when different composite systems are treated. It is very hard to
measure exactly the cross-section of each track owing to its irregular shape at a microscopic level.
In addition, some conductive behavior of the material close to the track cannot be excluded. In fact,
inside the thermally affected areas, some microstructure modification should also occur. For this
reason, resistivity value was not calculated, but the measured resistance (which is not constant in every
part of the track profile) was normalized with reference to the length unit of the track. Nonetheless,
Table 1 shows that several polymeric matrices filled with CNTs or GNPs can be successfully submitted
to laser ablation for the production of conductive tracks, and suggests some conclusions. When the
CNT content inside each kind of matrix increased, the conductivity also generally increased. However,
the opposite trend could be observed in some cases (see PC-ABS composites), very likely because CNTs
can be more hardly dispersed in some matrices. When CNTs agglomerate and form bundles inside the
matrix, the laser parameters must be changed in order to avoid inter-track conduction, and this can
result in a worsening of the track conductivity. In addition, the variation of the filler load can require
an adjustment of the processing parameters because the material response to the laser action depends
on the filler/matrix ratio. The adoption of the same content of CNTs can result in different resistance
of the tracks processed in the best manner on composites with different matrices. For instance, the
track resistance was 12.3 kΩ/cm and 3.96 kΩ/cm for PP/1 wt.% CNTs and PC-ABS/1 wt.% CNTs,
respectively. GNPs seemed less effective than CNTs when used alone or when they replaced part of
the CNTs in the composite. The combination of a second filler with CNTs seemed more convenient
when using graphite instead (see HDPE/4 wt.% MWCNTs/4 wt.% graphite system in comparison
with HDPE/4 wt.% MWCNTs/4 wt.% GNP composite). A very high concentration of low-cost carbon
particles was necessary to observe some conductivity in the tracks. This was the case of biochar, whose
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composite with 30 wt.% in a PP matrix showed laser tracks with poor conductivity. On the other hand,
the resistance of these tracks was about six orders of magnitude lower than that of the unfilled matrix,
which suggests that the laser treatment can also be exploited in this case to obtain antistatic properties.

3.2. Piezoresistive Behavior

The piezoresistive behavior of composites with a EPDM/PP matrix (60/40 weight ratio) and CNTs
was investigated. Concentrations of CNTs from 1 wt.% to 5 wt.% were used. The percolation threshold
was found around 3 wt.% CNTs (Figure 5). This percolation threshold found for the blend between the
ethylene–propylene–diene monomer and polypropylene seems consistent with the literature [1,12,25],
which reports that concentrations of CNTs of 2 wt.%, 7.5 wt.%, or 7 vol.% are necessary for achieving
percolation when PP, PE, or commercial thermoplastic elastomer based on EPDM/PP, respectively, are
used as composite matrices.

Figure 5. Percolation curve for ethylene–propylene–diene monomer (EPDM)/PP/CNT composites.

The piezoelectric behavior of such composites could be exploited for processing pressure sensors
or switches based on the change in electrical resistivity occurring after deformation. The resistance of
all composites with different filler loads progressively increased with the displacement occurring in
the elastic and plastic fields when a flexural force was applied. However, only reversible deformations
can be considered for practical applications, and then the displacement should be limited to the elastic
field. The maximum displacement occurring in the elastic field was measured by a bending test. The
stress/displacement curves obtained from three-point bending tests showed that the maximum elastic
displacement of these composites increased with the increase in CNT concentration. On the other
hand, only a little variation in resistance resulted from bending the material up to the elastic limit for
samples containing 1 wt.% or 2 wt.% CNTs.

On the contrary, samples containing from 3 wt.% to 5 wt.% CNTs showed appreciable and almost
linear resistance variation with displacement, but a good reproducibility of the piezoelectric effect
was observed only for displacement over 1 mm. Figure 6 shows, for the composite with 4 wt.% CNTs,
the typical variation of resistance with the cyclic change of displacement from 0 to 1.5 mm with a
speed of 50 mm/min. It is possible to observe noise in the resistance signal when the deformation is
recovered during each cycle, probably due to a rearrangement of CNTs inside the matrix occurring at
the microscopic level.
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Figure 6. Piezoresistive behavior of EPDM/PP/4 wt.% CNT composite: cyclic resistance variation due
to cyclic deformation from 0 to 1.5 mm.

However, the noise was greatly reduced when the maximum displacement increased to 2.5 mm
(Figure 7).

Figure 7. Piezoresistive behavior of EPDM/PP/4 wt.% CNT composite: cyclic resistance variation due
to cyclic deformation from 0 to 2.5 mm (displacement speed: 50 mm/min).

The reproducibility of piezoresistive response to stress during long periods of cycling was also
investigated; the resistance of unloaded material, as well as the maximum resistance change resulting
from load application and consequent displacement, changed after a few hundreds of cycles; however,
afterward, they remained constant with an increase in the number of cycles (Figure 8, Table 2). These
outcomes prove that the composites under investigation can be exploited as pressure sensors, granting
response to mechanical load for long periods.

Figure 8. Testing of EPDM/PP/4 wt.% CNT composite up to 1500 cycles (displacement: 0–1.5 mm,
speed: 50 mm/min).
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Table 2. Resistance variation occurring during a single cycle of deformation and the average resistance
value of a portion of the bar 40 mm long (displacement of up to 1.5 mm, displacement speed:
50 mm/min) after increasing the number of cycles.

Material
(CNTs wt.%)

Resistance Variation (%) Average Resistance (kΩ)

Cycle 1
After 300

Cycles
After 1000

Cycles
Cycle 1

After 300
Cycles

After 1000
Cycles

3 0.22 0.50 0.50 31.652 31.690 31.690
4 0.15 0.80 0.80 0.732 0.733 0.733
5 0.25 0.90 0.90 0.188 0.189 0.190

As laser surface treatment is able to greatly improve the conductibility of carbon-based composites,
the piezoresistive behavior was also tested on specimens with conductive tracks processed on the
surface. Samples with a very low concentration of CNTs in a PC-ABS matrix were used for this
investigation. Conductive tracks were processed in the middle of composite bars which were then
submitted to cyclic flexural deformation, while their deformation and the resistance of the laser track
were measured. Samples with CNT loads of 0.5 wt.%, 0.75 wt.%, and 1.0 wt.% were tested. The
parameters for laser treatment were selected with the purpose of not decreasing too much the electrical
resistance. For instance, the following parameters were adopted for the functionalization of the
PC-ABS/0.5 wt.% CNT sample: P = 5%, scan rate = 600 mm/s, F = 5 kHz, and defocus = 50 mm. The
electrical resistance of the track was 464 kΩ/cm, 172 kΩ/cm, and 76 kΩ/cm for composites with
0.5 wt.%, 0.75 wt.%, and 1.0 wt.% CNTs, respectively. The specimen resistance variation was measured
during 2000 cycles of deformation up to a maximum displacement of 0.5 mm. Typical change of
resistance during cycling is depicted in Figures 9 and 10.

 

Figure 9. Displacement and resistance variation recorded during cycling of PC-ABS composite with
0.5 wt.% CNTs.

 

Figure 10. Resistance change during flexural fatigue cycles with maximum displacement of 0.5 mm for
PC-ABS composites with 0.75 and 1.0 wt.% CNTs.
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A resistance variation of 0.5% occurred during each cycle for the three kinds of composites,
irrespective of the nominal concentration of filler. A precise correlation between displacement and
resistance was always observed. Furthermore, the electrical signal was more sharp and regular when
the filler concentration was 0.5 or 0.75 wt.%, while the composite with 1 wt.% CNTs gave more irregular
resistance curves. Therefore, in the case of laser-functionalized piezoresistive composites, there is
no reason to use samples showing enhanced filler content and conductivity, contrary to that which
happened for non-laser-treated composites. In fact, piezoresistive behavior can also be achieved in the
case of composites with low filler content by exploiting laser functionalization.

4. Conclusions

Laser treatment was successfully used to produce conductive tracks on the surface of several
kinds of polymer–nanofiller composites with a filler content lower than the percolation threshold for
electrical conduction. The effectiveness of this functionalization process for writing conductive tracks
inside composites with low loads of conductive filler was proven. In general, the final resistance of
these tracks depends on the kind of filler and matrix, and the laser processing parameters. Conductive
tracks can be more easily obtained when using CNTs, while, to obtain the same result, a higher
concentration of GNPs is required. Carbonaceous micro-fillers like graphite or biochar can also be used
as fillers. The addition of a small quantity of graphite to the composite allows reducing the content
of the CNTs because of a synergetic effect between the two fillers, thus making the material cheaper.
When using biochar, even in rather high concentrations, only antistatic properties can be achieved with
the laser treatment. Very different resistance values were observed when laser-treating the surface of
polymer composites showing different matrices filled with the same or similar concentrations of CNTs.

Generally, the conductivity of laser tracks increased with the load of conductive filler, but there
is not always a reason to increase the filler content, since its increase can cause agglomeration of
filler particles, which results in a non-homogeneous filler distribution and, thus, a worse result of the
laser treatment.

The processing parameters of laser treatment should be optimized for each kind of composite,
depending on the composition, and the main parameters to be optimized are power, writing speed,
and number of repetitions. The parameter optimization is limited by side effects such as distortion
of the sample and excessive enlargement of the tracks, which causes short circuits. Moreover,
other parameters that have little influence on the conductivity show a non-negligible effect on these
side effects.

The addition of CNTs to a thermoplastic polymer also gives rise to piezoresistive behavior, which
could be exploited for the fabrication of pressure sensors. The resistance variation with mechanical
load and displacement depends on the CNT concentration. A good response to load was observed
for EPDM/PP/CNT composites, but only for filler concentration exceeding 2 wt.%. Noise of the
electrical signal was observed when the displacement was too low, but displacements over 1.5 mm
were sufficient to overcome this drawback. The composite material with piezoresistive behavior can
show some initial instability in terms of the range of resistance variation and average resistance value,
probably due to a rearrangement of microstructure during the initial cycles of loading. However, the
response of the materials soon stabilizes.

A surface laser treatment improved the piezoresistive behavior of PC-ABS/CNT composites.
These composites with very small CNT concentrations (below the percolation threshold) showed good
and stable piezoresistive behavior after the laser treatment. This characteristic offers potential for
processing in situ sensors and switches using laser treatment of non-conductive composites with very
low filler load.
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Abstract: Microsystems with limited power supplies, such as electronic skin and smart fuzes, have
a strong demand for self-powered pressure and impact sensors. In recent years, new self-powered
mechanical sensors based on the piezoresistive characteristics of porous electrodes have been rapidly
developed, and have unique advantages compared to conventional piezoelectric sensors. In this paper,
in order to optimize the mechanical sensitivity of porous electrodes, a material preparation process
that can enhance the piezoresistive characteristics is proposed. A flexible porous electrode with
superior piezoresistive characteristics and elasticity was prepared by modifying the microstructure
of the porous electrode material and adding an elastic rubber component. Furthermore, based
on the porous electrode, a self-powered pressure sensor and an impact sensor were fabricated.
Through experimental results, the response signals of the sensors present a voltage peak under such
mechanical effects and the sensitive signal has less clutter, making it easy to identify the features of
the mechanical effects.

Keywords: porous electrode; pressure sensitivity; self-powered sensors; mechanical impact

1. Introduction

In recent years, self-powered mechanical sensors have attracted wide attention for their
applications in wearable smart devices and intelligent microsystems with limited energy supply [1–5].
For example, a self-powered pressure sensor can achieve skin-like tactile sensing without a power
source, which benefits energy saving and promotes practical applications such as electronic skin [6–8].
A self-powered impact sensor can detect the characteristics of a target hit by an artillery shell, thus
promoting the intelligence of weapon microsystems (such as a smart fuze) with limited volume and
power supply [9].

Traditional self-powered mechanical sensors applied in measurements of static pressure and
dynamic impact are mainly piezoelectric sensors [10–12], some of which benefit from porous
materials [13,14]. However, due to the inherent physical properties of piezoelectric crystals, high
frequency oscillations in the sensitive signals under mechanical effects are unavoidable, and complex
signal processing must be applied to obtain the features of the target (e.g., the number of impacts
during a continuous impact process) [15,16]. These insurmountable shortcomings make it urgent to
develop mechanical sensors based on new principles.

In recent years, the dual functions of energy storage and piezoresistive sensitivity in porous
electrodes, such as activated carbon and carbon nanotubes, have been investigated [17], and have
become a new hotspot in research of self-powered mechanical sensors. For static pressure sensing,
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Zhang et al. realized a fusion of supercapacitors and self-powered pressure sensors using a carbon
nanotube–polydimethylsiloxane film [18]. For dynamic impact sensing, the previous research of our
team realized a novel device combing a supercapacitor and impact sensor based on an activated carbon
film [19,20]. The sensitive signal has fewer high frequency oscillations, making it easier to identify
target features. This unique characteristic is referred to as “self-filtering”, and a theoretical model was
proposed to explain it in our former research [21].

For these self-powered mechanical sensors, the material properties of porous electrodes have
a decisive influence on their energy storage density and mechanical sensitivity [18,20,21]. However,
the methods for enhancing the mechanical sensitivity of porous electrodes have not been systematically
studied, so that the optimal design and practical application of these self-powered mechanical sensors
are limited for better performance.

In this paper, an enhancement method for pressure sensitivity of porous electrodes is proposed.
An elastic polymer is added to the porous energy storage material, which forms a spatial network
skeleton structure at the microscopic level by a shearing process. On the one hand, the micro-elastic
skeleton structure can improve the elasticity of the electrode, so that the electrode can withstand
greater stress; on the other hand, the deformation effect of the elastic polymer skeleton under
mechanical effects results in a more significant change in the contact state between the conductive
particles, and thus enhances the mechanical sensitivity of the electrode. Finally, based on the proposed
high elastic piezoresistive film, a self-powered mechanical sensor was fabricated, and its superior
sensing performance was experimentally verified. In general, the preparation process of the porous
electrode proposed in this paper achieves effective enhancement of pressure sensitivity, and promotes
practical applications of the self-powered impact sensor, based on the piezoresistive effect of the
porous electrode.

2. Materials and Methods

As shown in Figure 1a, traditional mechanical sensors need an external power source, which can
be much larger than the sensor itself. In this paper, a self-powered mechanical sensor that is composed
of two porous electrodes separated by a membrane is proposed, and it simultaneously achieves
superior performance for both energy storage and mechanical sensitivity. This novel self-powered
mechanical sensor has broad application prospects in the fields of electronic skin, intelligent fuzes, and
so on. With the material modification in this paper, the flexibility of the sensor can be significantly
enhanced. So, it can be used as a pressure sensor for electronic skin, realizing a tactile sensing for a
robot. Furthermore, with a compact package, it can also serve as a high acceleration impact sensor
to detect the structural characteristics of an attack target for an intelligent fuze, realizing intelligent
ignition control of a projectile [22].

On the one hand, the porous electrode enables energy storage and provides energy supply during
impact, as shown in Figure 1b. The porous electrode is composed of activated carbon and carbon
nanotubes (or other porous materials); there are a lot of microscopic pores inside, which are filled
with electrolyte (e.g., sulfuric acid). When the device is charged, an electrochemical double-layer
structure forms at the microscopic solid–liquid interface due to the adsorption force between positive
and negative ions, which realizes energy storage [23]. After being fully charged, the device can be
discharged with certain current similarly to a power source.

On the other hand, the mechanical sensitivity of the device is achieved due to the piezoresistive
effect of the porous electrode. As shown in Figure 1c, the conductivity of the porous electrode is
determined by the number of micro-conductive chains. Under mechanical effects, the electrode will be
deformed due to its loose microstructure [20,21], and the conductive particles are more likely to be
closer to each other, increasing the number of conductive chains and greatly enhancing the conductivity
of the electrode. The change in conductivity is reflected in the change of output voltage, thus realizing
the perception of the mechanical effect.
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Figure 1. Diagram and mechanism of self-powered mechanical sensors. (a) A self-powered mechanical
sensor works without a power supply. (b) Based on a porous electrode, energy storage is realized by
the electric double-layer effect. (c) Based on a porous electrode, mechanical sensitivity is realized by
the piezoresistive effect.

Therefore, enhancing the piezoresistive performance of porous electrodes is the key to realizing
self-powered mechanical sensors, and the enhancement can be achieved through the optimization of
the micro-morphology of the porous electrode. Previous literature [20] has studied the relationship
between electrode conductivity and porosity according to the general equivalent medium equation [24]:

σm =

⎧⎨
⎩

(
Φ−Φc
1−Φc

)tm
σh, Φc ≤ Φ ≤ 1

0, 0 < Φ < Φc

, (1)

where σm represents the conductivity of the porous electrode, σh represents the conductivity of the
carbon particles, Φ represents the volume ratio of the carbon particles, and Φc represents the critical
volume ratio, tm is a coefficient.

According to Equation (1), a larger porosity is critical to improve the piezoresistive performance
of the porous electrode, so an electrode with loose microstructure is preferred. However, for normal
carbon electrodes, the large porosity also results in weak mechanical strength of the electrode, making
it easy to be broken under mechanical effects. In order to solve this contradiction, a novel preparation
process is proposed, forming an elastic micro-networked structure with polytetrafluoroethylene and
achieving superior piezoresistive performance and elasticity simultaneously. The specific steps of the
film preparation process are as follows (Figure 2a):

1. Mix activated carbon powder and a binder powder (e.g., polytetrafluoroethylene and rubber)
evenly by concussion and grinding. The mass ratio of the activated carbon powder and the binder
powder is 85:15.

2. The mixed powder is lightly pressed under high temperature heating (150–180 ◦C) to form a film.
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3. A shearing force is applied along the surface of the film, and the elastic binder and rubber
component in the film are stretched. A micro-networked structure is formed, which has
an envelope effect on the activated carbon micro-particles.

The porous electrode prepared by the above process has good elasticity, as shown in Figure 2b,
and thus can be applied to flexible electronic devices such as electronic skin. In the following, in-depth
tests and analyses of the piezoresistive characteristics of the prepared porous electrode are carried out.
The experimental platform is composed of a mechanical press/tensile machine and an electrochemical
workstation, as shown in Figure 2c,d. The experimental platform for the piezoresistive characteristics
of the electrode film is shown in Figure 2c. Pressure is applied to the electrode film by a press
machine, and the resistance change in the electrode is recorded by the electrochemical workstation.
The experimental platform for the elasticity of the electrode film is shown in Figure 2d. The electrode
film is stretched by a tensile machine until it breaks. The amount of tension and the length at which
the film is stretched (i.e., the distance that the clamp moves) is recorded by the tensile machine.

Figure 2. Preparation and testing of the porous electrodes. (a) Preparation process for microstructure
formation. (b) Flexibility of the electrode under extreme torsion. (c) Experimental platform for
piezoresistive testing. (d) Experimental platform for tensile testing.

3. Results

3.1. Pressure Sensitivity Enhancement of the Porous Electrode by Shearing

Four consecutive processes of pressurization and depressurization were applied to the electrode
film. As shown in Figure 3a, when the pressure increases from 0 MPa to 0.3 MPa, the resistance of
the electrode (10 mm × 10 mm × 1 mm) decreases from more than 100 Ω to less than 1 Ω. When the
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pressure is removed, the resistance almost returns to the original value. Figure 3b further illustrates that
the resistance–pressure curves corresponding to the four consecutive pressurization–depressurization
processes are almost coincident, verifying the reliability and stability of the electrode’s application for
mechanical sensing based on its piezoresistive characteristic.

In the electrode preparation process in Figure 2a, the shearing process along the surface of the
film is the key to modifying the material for the electrode. As shown in Figure 3c, the electrode with
the shearing process has much better piezoresistive sensitivity and a wider sensitive range than the
electrode without the shearing process. When the pressure is increased from 0 MPa to 0.3 MPa, the
former’s resistance drops by 162.40 Ω, and its resistance decreases with the increasing pressure, until
0.3 MPa. However, the latter’s resistance changes by only 26.34 Ω, and stops decreasing around
0.15 MPa. In addition, the elasticity characteristics of the two are completely different. As shown in
Figure 3d, the electrode film (50 mm × 10 mm × 1 mm) with the shearing process can withstand a
tensile force up to nearly 0.2 kgF, and fracture occurs when the length of the stretch exceeds 25% of the
original length. On the other hand, the electrode film without the shearing process can only withstand
a tensile force of less than 0.02 kgF, and fracture occurs when the length of the stretch is only about 2%
of the original length.

Figure 3. Changes in the microstructure and macroscopic properties of the porous electrodes by a
shearing process. (a) Resistance change of the electrode during four consecutive pressurization–
depressurization processes. (b) Repeatability of electrode piezoresistive characteristics during
four consecutive pressurization–depressurization processes. (c) Piezoresistive characteristics of the
electrodes with and without the shearing process. (d) Elasticity of the electrodes with and without
the shearing process. (e) Electron micrograph of the electrodes with the shearing process where PTFE
is the abbreviation of polytetrafluoroethylene. (f) Electron micrograph of the electrodes without the
shearing process.

This tremendous improvement in piezoresistive sensitivity and elasticity is due to the changes in
the microstructure of the porous electrode materials by the shearing process. As shown in Figure 3e,
a loose micro-networked skeleton structure is formed in the electrode with the shearing process, which
has an envelope effect on the particles distributed throughout the material. Energy spectrum tests show
that the content of fluorine in the network skeleton structure is significantly higher than that in the
granular particles, and it can be presumed that the network skeleton structure is mainly formed by the
polytetrafluoroethylene binder under the shearing force. Since the polytetrafluoroethylene has good
elasticity and its network skeleton structure has a loose microstructure, significant micro-deformation
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and resistance changes can be realized under pressure. At the same time, the superior elasticity
property of the polytetrafluoroethylene network skeleton also enables the electrode to withstand larger
stress and deformation. On the contrary, for the electrode without the shearing process, there are fewer
microscopic network skeleton structures, but some cluster structures instead, as shown in Figure 3f.
Energy spectrum tests show that the content of fluorine in the cluster structure is significantly higher
than that of other regions, indicating that the binder has not been sufficiently dispersed during the
preparation of the electrode film, but is clustered in some areas. As a result, the amount of binder in
other areas was insufficient, making it easier to fracture under mechanical effects.

3.2. Pressure Sensitivity Enhancement of the Porous Electrode by the Rubber Component

Further experimental results reveal the more significant influence of rubber additives on the
piezoresistive characteristics of the porous electrode. As shown in Figure 4a, as the mass fraction of
Ethylene-Propylene-Diene Monomer (EPDM) rubber was increased from 0% to 20%, the magnitude of
the resistance drop in the porous electrode, when the pressure increased from 0.05 MPa to 0.3 MPa,
increases significantly. In addition, the sensitivity range of the electrode in response to the pressure
is also broadened. For the electrode without rubber, the resistance remains at a small value without
change when the pressure is increased to 0.3 MPa; while for the electrode with rubber mass fractions
of 10% and 20%, when the pressure increases from 0.3 MPa to 0.4 MPa, the resistance continues to
drop by 1.55 Ω and 12.8 Ω, respectively. This remarkable modulation of the piezoresistive effect
also resulted from the changes in the microstructure of the porous electrode. As shown in Figure 4b,
the electron micrograph of the porous electrode with rubber has two different network skeleton
structures: one that is similar to the polytetrafluoroethylene skeleton in Figure 3e, and another network
skeleton that is obviously more robust. Through energy spectrum tests, the fluorine content in the
robust skeleton structure is significantly lower than the polytetrafluoroethylene skeleton structure
in Figure 3e. So, it can be presumed that these robust network skeletons are formed by the rubber
stretched under the effect of the shearing force. Since the elasticity of the network skeleton structure
formed by rubber is much stronger than the polytetrafluoroethylene network skeleton, it has a more
significant influence on the piezoresistive characteristics of the porous electrode.

Although the increase in the rubber component can improve the piezoresistive characteristics of
the porous electrode, it also causes a loss of its energy storage characteristics. As shown in Figure 4c,
as the mass ratio of rubber increases, the volume ratio of the microscopic pores of the electrode
decreases remarkably, resulting in a loss of specific surface area, as shown in Figure 4d. The loss of
specific surface area means that the micro-interface of the electrochemical double-layer energy storage
structure is reduced [25]:

iDL = avCdl
∂ (Ψs − Ψl)

∂t
, (2)

where iDL represents the current density resulting from electric double-layer effect, av represents the
specific surface area of the electrodes, and Cdl represents the capacitance associated with the electric
double-layer effect. Ψs and Ψl represents the potential of the electrode phase and electrolyte phase,
respectively.
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Figure 4. Changes in the microstructure and macroscopic properties of the porous electrodes by adding
elastic rubber. (a) Piezoresistive characteristics of electrodes with different mass ratios of rubber. (b)
Electron micrograph of the electrodes with different mass ratios of rubber. (c) Volume ratio of electrodes
with different mass ratios of rubber. (d) Specific surface area of electrodes with different mass ratios
of rubber.

So, as the mass ratio of the rubber increases, the energy storage performance of the porous
electrode decreases, which is not conducive to self-powered mechanical sensors. Therefore, a moderate
amount of rubber component is preferred to keep a balance between the energy storage characteristics
and the piezoresistive characteristics. In the following section, with a prototype assembly and
performance test, a porous electrode with a rubber mass ratio of 10% is chosen.

3.3. Performance of Applications in Self-Powered Mechanical Sensors

With flexible and compact packages, a self-powered pressure sensor and a self-powered impact
sensor, based on the porous electrodes with piezoresistive sensitivity enhancement, are both realized.

A picture of the self-powered pressure sensor is shown in Figure 5a. With superior flexibility,
this sensor can be applied to flexible electronic devices such as electronic skin. Figure 5b shows the
sensitive signal of the sensor under continuous pressing. It is obvious that the voltage of the sensor
increases and forms a peak with almost no cluttering data during each pressing process, and the
continuous pressing process can be clearly identified. The amplitude of the sensitive voltage peak
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signal reaches about 10 mV, which is enough for signal acquisition and processing, verifying that the
piezoresistive enhancement proposed in this paper is effective for applications.

A picture of the self-powered impact sensor is shown in Figure 5c. Its impact sensitivity
characteristics are tested by a Machete Hammer system which utilizes the potential energy of
the counterweight to produce an ultra-high impact of up to 30,000 g, as shown in Figure 5d.
The experimental results are shown in Figure 5e, The response signal of the sensor has a clear voltage
peak when it is subjected to a high-g impact, with a wide range from 7800 g to 23,000 g. Considering
that the impact process in practical applications is about 1 millisecond [26], the sampling rate for signal
acquisition of the sensor is set as 50 kHz. The voltage peak has almost no clutter even at such a high
sample rate, showing superior impact feature recognition ability over traditional piezoelectric sensors.

Figure 5. Applications as self-powered mechanical sensors. (a) The flexible pressure sensor device.
(b) Response signal of the pressure sensor under continuous pressing. (c) The impact sensor device.
(d) The Machete Hammer system. (e) Response signal of the impact sensor under different accelerations
of impact.

The fewer high frequency components in the response signal of the self-powered sensor is due to
its essential ’self-filtering’ mechanism, which has been revealed in a previous study [21]. The response
of the porous electrode can be approximated by the vibration of the electrode in the electrolyte under
an external force:

f (t)− kx(t)− μ
dx(t)

dt
= m

d2x(t)
dt2 , (3)

where f (t) is the external force as a function of time, k is the equivalent stiffness coefficient of the
electrode, x(t) is the displacement as a function of time, μ is the equivalent damping coefficient of the
electrolyte, and m represents the equivalent mass of the electrode.

To investigate the frequency components of x(t), a Fourier transformation is applied to both sides
of Equation (3):

F(ω)− kX(ω)− μjωX(ω) = −mω2X(ω), (4)

where F(ω) and X(ω) are the Fourier transformations of f (t) and x(t), respectively. Thus, the spectrum
of displacement is:

X(ω) =
F(ω)

k − mω2 + jμω
=

|F(ω)|√
(mω2 − k)2 + (μω)2

ejΦ(ω), (5)

where Φ(ω) represents the phase-frequency characteristics of X(ω).
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The porous carbon electrode has a small equivalent stiffness coefficient and a large viscous
damping coefficient (compared with a silicon beam structure and air damping in traditional impact
sensors), which can effectively suppress high frequency components in the response signal according
to Equation (5).

4. Conclusions

This paper presents a preparation process that can enhance the piezoresistive characteristics
of porous electrodes. The experimental results show that by applying a shearing force along the
surface of the electrode film, the binder is stretched to form a microscopic network skeleton structure.
This has an envelop effect on porous particles such as activated carbon, and significantly enhances
the piezoresistive characteristics and elasticity of the electrode. In addition, by adding a highly
elastic rubber component, another more robust microscopic network skeleton structure is formed by
the rubber under the shearing process, and a flexible porous electrode with superior piezoresistive
characteristics and elasticity can be more effectively obtained. Based on such porous electrodes, both a
self-powered flexible pressure sensor and a self-powered impact sensor were realized, with response
signals of voltage peaks under pressure and high acceleration impact stimuli. Moreover, the sensors
have superior ability to recognize features of mechanical processes, such as the number of consecutive
pressing processes. These superior self-powered sensing characteristics provide new technological
approaches for microsystems with limited power sources, such as electronic skin and smart fuzes.
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Abstract: Advancements in flexible circuit interconnects are critical for widespread adoption of
flexible electronics. Non-toxic liquid-metals offer a viable solution for flexible electrodes due to
deformability and low bulk resistivity. However, fabrication processes utilizing liquid-metals suffer
from high complexity, low throughput, and significant production cost. Our team utilized an
inexpensive spray-on stencil technique to deposit liquid-metal Galinstan electrodes in top-gated
graphene field-effect transistors (GFETs). The electrode stencils were patterned using an automated
vinyl cutter and positioned directly onto chemical vapor deposition (CVD) graphene transferred
to polyethylene terephthalate (PET) substrates. Our spray-on method exhibited a throughput of
28 transistors in under five minutes on the same graphene sample, with a 96% yield for all devices
down to a channel length of 50 μm. The fabricated transistors possess hole and electron mobilities
of 663.5 cm2/(V·s) and 689.9 cm2/(V·s), respectively, and support a simple and effective method of
developing high-yield flexible electronics.

Keywords: graphene; Galinstan; Liquid-Metal; spray-on; aerosol; honey; mobility; contact resistance;
TLM; I-V characteristics

1. Introduction

Since the 1960’s, integrated circuit electrodes have been fabricated from traditional copper, nickel,
silver, and gold metals [1]. Although these traditional metals are used widely in practically all consumer
electronics today, they are susceptible to degradation under repeated stress and strain [2]. As the
commercial sector demands nanomaterial-based flexible device applications, there is an immediate
need for novel and inexpensive fabrication methods that can provide reliable flexible electrodes that
resist damage after repeated deformation.

Liquid-Metal (LM) Galinstan is a commercially available eutectic alloy comprising of 68% gallium,
22% indium, and 10% tin that exhibits a conductivity of 2.30 × 106 S/m, a desirable vapor pressure
(<1 × 10−6 Pa at 500 ◦C) compared with mercury (0.1713 Pa at 20 ◦C), and a stable liquid state across a
broad temperature range (−19 ◦C to 1300 ◦C) [3]. Galinstan has been studied as a candidate for flexible
integrated-circuit electrodes due to its deformability and non-toxic nature. Although there are several
metals that have higher conductivity compared to LM, such as copper, the low contact resistance of
LM in contact with graphene is a desirable benefit over the high contact resistance of metals, such as
copper, in contact with graphene [4,5].

To deposit liquid-metal on electronic devices, mask deposition and microcontact printing have
been adopted to improve manufacturing yield to over 95%, while simultaneously decreasing feature
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size down to 1 μm [6–12]. Such techniques are convenient due to design simplicity, reliability, and high
throughput. However, when drop-casting LM with mask deposition, there are immediate drawbacks.
The thickness of the patterned LM vary due to the curvature created by the LM surface tension
and wetting to the mask and substrate during lift-off. In addition, microcontact printing LM on 2D
nanomaterials is not suitable because of the risk of damage to the nanomaterial substrate as the contact
head moves or drags across the print surface. A technique known as atomization is desirable for LM
deposition on 2D nanomaterials due to the ability to reduce bulk liquids to a fine mist to create thin
traces with homogenous thickness. However, the cost of commercial atomization systems is high,
making it difficult to adopt such techniques in small labs and standard academic environments [13].

In this article, we demonstrate the use of a low-cost novel spray-on deposition technique for
LM using off-the-shelf equipment that improves upon contemporary deposition techniques. We
demonstrate the utility of the spray-on deposition of liquid-metal with a proven flexible material
combination, consisting of Galinstan source and drain electrodes, an electrolytic gate comprised of
honey, and a graphene channel that forms a flexible graphene field-effect transistor [14]. Galinstan was
integrated with graphene not only as a solution to enhance flexibility and robustness of the fabricated
device, but also as a means to overcome the undesirable high contact resistance of graphene in contact
with standard electrode materials copper, gold, and silver [15]. We will aim to convince the reader
that our stencil and deposition technique improves yield and simplicity, and decreases cost flexible
nanomaterial-based electronics.

2. Materials and Methods

Figure 1a–e illustrates the process to fabricate graphene field effect transistors with our low-cost
rapid prototyping LM spray-on technique. First, the stencil used to pattern LM electrodes was
designed using CAD software (Silhouette Studio, Lindon, UT, USA) and cut into a Polyethylene
terephthalate (PET) substrate using a vinyl cutter (Silhouette Portrait, Lindon, UT, USA). The stencil
was adhered firmly at the edges with scotch tape onto a commercially bought Chemical Vapor
Deposition (CVD) monolayer graphene sample transferred to a PET substrate (Graphene Platform,
Shibuya-Ku, Tokyo) (Figure 1a). LM was than loaded into a commercially bought paint-gun reservoir,
with the air compressor pressure set to 110 psi. The paint gun was mounted and positioned at a
90-degree angle with the exit aperture facing towards the target surface with an optomechanical
stage and sprayed for ~4 s or until a homogenous LM thickness was deposited on the target surface
(Figure 1b,c). The stencil was then removed slowly to reveal the desired LM pattern (Figure 1d,
Figure 2). This process was repeated to create LM electrode pairs with differing channel lengths. There
were four pairs of each of the following channel lengths: 1 mm, 500 μm, 400 μm, 300 μm, 200 μm,
100 μm, and 50 μm (28 electrode pairs in total), on a single 2 inch × 1 inch CVD graphene sample.
Our methods are potentially compatible with complex shapes on the order of several hundreds of
microns [16]. Out of the 28 electrode pairs, a single 50 μm electrode pair could not be measured. This
fabrication error is due to the vinyl cutter reaching its minimum resolution limit. Despite the error,
preparation of the LM mask took less than five minutes, and the liquid-metal spray duration took less
than 10 s to pattern several pairs of LM electrodes. The total cost of materials, including the graphene
sample, is under $200.
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(a) (b) 

  
(c) (d) 

 
(e) 

Figure 1. Fabrication process for graphene field-effect transistors with spray-on liquid-metal electrodes:
(a) electrode patterns are cut into a Polyethylene Terephthalate (PET) substrate and placed flush on
graphene surface to act as stencil; (b,c) liquid-metal is sprayed on the graphene surface with a paint gun;
(d) the stencil is carefully removed, resulting in patterned electrodes on graphene; (e) an electrolytic
top-gate material (honey) is drop-casted between the electrode pair to complete the device.

 

Figure 2. Spray-on Liquid-Metal electrode stencil removal process step. Inset: Magnified view of a
liquid-metal electrode pair with a channel width of 200 μm.

It is important to note the quality of monolayer graphene produced commercially has been
an issue when fabricating graphene devices, and verification of quality is mandatory before
experimentation [17]. The Raman spectrum for the CVD graphene on PET (Graphene Platform)
is illustrated in Figure 3. Raman measurements were taken at three different sites and the ratios
between the second order overtone (2D) peak and in-plane vibrational mode (G) peak were computed
to identify the disorder in graphene [18]. Due to the strong vibrational modes of polymeric PET, the
PET Raman spectrum was subtracted from the graphene/PET Raman spectrum, leaving only the
Raman spectrum due to graphene. Overall, the samples used for experimentation were of monolayer
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graphene, with minor disorder due to I2D/IG > 2 for all three spots imaged. There did exist a defect
site D, which may be due to the structural disorder caused when transferring graphene to PET. Only
electrical measurements can determine the effect the defect site D has on the quality of graphene.

 
Figure 3. Raman Spectrum of graphene with in-plane vibrational mode (G), second order overtone
(2D), and defect site (D) identified. Each Raman measurement was taken with a 532 nm, 2 mW Laser,
with an exposure time of 5 s over an area of 25 μm. Inset: Image of Chemical Vapor Deposition (CVD)
graphene on Polyethylene terephthalate.

To complete the three-terminal graphene field-effect transistors (GFET) device, honey was loaded
into a syringe and drop-casted between each electrode pair to act as an electrolytic gate dielectric, as
seen in Figure 4. Honey was chosen as an electrolytic gate dielectric due to its conformability, low-cost,
and ease of accessibility [14]. Standard oxides, such as aluminum and silicon oxide, can be used, but
are not the focus of this manuscript due to fabrication complexity [19].

 
(a) (b) 

Figure 4. (a) Illustration and (b) picture of graphene field-effect transistor with spray-on liquid-metal
electrodes and honey gate dielectric.

3. Results and Discussion

To demonstrate the utility of our spray-on LM technique, graphene charge transport characteristics
for several GFET devices with varying channel lengths (1 mm, 500 μm, 400 μm, 300 μm, 200 μm,
100 μm, and 50 μm) were extracted from Current-Voltage (I-V) measurements taken via an Agilent
4155C Semiconductor Parameter Analyzer (Santa Clara, CA, USA) and probe station. Each GFET
device was subjected to a gate voltage (Vg) sweep from ±5 V with a drain voltage (Vd) of 10 mV and
the charge transport characteristics were plotted in Figure 5a,b for comparison. The on:off ratio and
gate-leakage current density are also illustrated in Figures 5c and 4d, respectively, for comparison.
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Tungsten micromanipulator probes were used to make electrical contact to the LM electrodes. Tungsten
was chosen as the micromanipulator probe material because tungsten is one of the few materials that
does not amalgamate with LM Galinstan [20]. A third micromanipulator probe was used to contact the
electrolytic gate dielectric comprised of honey [14] (Figure 4a). Honey was adopted as an electrolytic
gate dielectric in order to provide a rapid minimalistic method to actuate the graphene charge transport
characteristics. Honey is a polar organic molecule, and in contact with a charged metal surface will form
an electric double layer (EDL), as the charged ions that comprise honey diffuse to the graphene/honey
interface. Applying either positive of negative potential to the honey via a third micromanipulator
probe will enable electron or hole transport in the graphene channel. The authors implore the readers
to implement this simple and rapid LM-patterning technique with alternative dielectrics to optimize
performance characteristics and tradeoffs for their particular application.

  
(a) (b) 

  
(c) (d) 

Figure 5. Graphene charge transport characteristics for several graphene field-effect transistors
with varying channel-length: (a,b) illustrates the drain current (Id) and drain resistance (Rd) as a
function of top-gate voltage (Vg); (c) details the on:off ratio (Ion/Ioff) and (d) illustrates the gate-leakage
current density.

The ambipolar nature of all graphene field-effect transistors is made clear with the V-shape in
Figure 5a; Ids vs. Vg curve. The dual polarity allows the device to operate in either electron or hole
conduction mode, which is beneficial for applications such as digital or analog circuit modulation [21].
Notice the minimum drain current, also known as the Dirac peak, for each device is at a negative Vg

value, illustrating there is an overall intrinsic n-type doping characteristic that may be brought upon
by conduction of electrons through the honey top-gate dielectric. It is commonly known that graphene
exhibits p-type behavior in contact with atmospheric oxygen [22]. Therefore, there is reason to believe
that the honey allows intrinsic n-type doping behavior and may be due to the composition of sucrose,
glucose, fructose, and ash content in the honey [14]. To our benefit, the dirac shift is rather small with
respect to Vg = 0 and is rather convenient for low-power devices. This, in part, is due to the nanoscale
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charge accumulation at the graphene-honey interface, also known as electric double layer (EDL), that
can be actuated by altering the gate voltage [23–25].

Figure 5c illustrates the on:off ratio for the test devices. With exception to the 100 μm and
50 μm devices, there is a clear trend: as the channel length of each GFET decreases, the on:off ratio
increases. This is an expected result based on well-reported improvement of semiconductor devices
as miniaturization occurs [26]. In addition to the anomaly in the on:off ratio trend with the 100 μm
and 50 μm devices, these devices also exhibit a noticeable asymmetry in electron and hole conduction
branches. This asymmetry may be, in part, due to partial charge pinning due to low-resistivity
graphene-metal contacts, as has been documented before [27]. However, an observation of the gate
current density in Figure 5d shows there is reason to believe the primary cause of asymmetry, and the
low on:off ratio, is due to the gate leakage current in short-channel devices. The 100 μm and 50 μm
devices possess significant gate current densities in comparison to the other devices. Correspondingly,
the 100 μm and 50 μm devices seem to possess the largest asymmetry between electron and hole
branch, and exhibit anomalous on:off ratios.

The high gate-leakage current density at the smaller channel lengths may be due to the reduced
electrode separation distance between the graphene-dielectric interface. It is noted that in the
aforementioned process, the PET stencil did not form an ideal, airtight contact with the graphene in
all devices during fabrication. Therefore, there were stray microscale LM-spray residues deposited
under the masked areas, and in some cases shorted the source and drain electrodes. In addition,
for ease of fabrication, the honey dielectric was drop-casted by hand and applied unnecessary
pressure to the LM electrodes causing the LM to move, hence the failure of our methods to produce
repeatable working devices at the 50 μm channel length size. Due to these circumstances, there
was additional stray conductance between the source/drain electrodes and gate electrode, and the
additional gate-leakage current density at smaller channel lengths is to be expected. However, the
readers are encouraged to optimize this spray-on process with more ideal stencil-mask materials that
provide stronger adhesion to graphene, and produce minimal LM residue. Additionally, other liquid
dielectrics, such as lower-conductivity ionic gels, can be utilized in place of honey. Lastly, traditional
back-gated graphene field effect transistor topologies can be utilized to eliminate stray conductance
produced from overlap of the top-gate dielectric.

The transconductance (gm) of a 1 mm GFET, Figure 6a, and electron and hole mobilities of the
same 1 mm GFET, Figure 6b, were extracted from the following relationships:

  
(a) (b) 

Figure 6. (a) Transconductance and (b) mobility vs. gate voltage.

Transconductance:

gm =
∂ID
∂t

∂VG
∂t

(A/V) (1)
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Electron and Hole Mobility:

μe, −μp =
Lgm

WCoxVD
(cm2/(V·s)) (2)

The extracted hole and electron mobilities measured for the GFET devices are shown in Table 1
and are comparable to several reported devices with similar methods [14,28–32]. It is important to note
the hole and electron mobilities increase as the channel length decreases and may be due, in part, to the
lower probability of defects within the graphene channel at shorter channel lengths. However, there
was an exception in the 50 μm channel length case and this may be due, in part, to a large dominating
gate leakage effect. Other factors may include the quality of the graphene or honey between the LM
source and drain electrodes. It is well documented that commercially grown graphene is non-uniform
across a given area [33].

Table 1. This table details the electron and hole mobility of each channel length device and is compared
to those in other works.

Device Hole Mobility (cm2/(V·s)) Electron Mobility (cm2/(V·s))

1 mm 60.17 40.47
500 μm 179.5 105.3
400 μm 241 151
300 μm 371 346
200 μm 393.8 438.5
100 μm 663.5 689.9
50 μm 123 543

Ordonez [14] 213 166
Lu [28] 300 230

Kim [29] 203 91
Wang [30] N/A 0.04
Kam [31] 154 154.6
Lee [32] 1188 422

4. Conclusions

It has been demonstrated that our spray-on LM method is a viable technique to fabricate
nanomaterial devices. We have shown that top-gated graphene field-effect transistor devices with
feature sizes down to 100 μm can be fabricated and exhibit standard charge transport characteristics
with minimal effort. All devices were produced in a time frame of 30 s per transistor with a reliability
of 96%. Our methods can be improved with fully-automated spray and drop-casting techniques, or
even with back-gated devices, to improve the speed and reliability of this method. Furthermore, a
strong-adhesion stencil mask and higher-resolution stencil-cutter can be used to significantly improve
the minimum channel length achieved in this first attempt. This technique, with further modification,
can be used inexpensively to mass-produce nanomaterial devices.
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Abstract: Due to their relatively low cost, large surface area and good chemical and physical
properties, carbon nanofibers (CNFs) are attractive for the fabrication of electrodes for supercapacitors
(SCs). However, their relatively low electrical conductivity has impeded their practical application.
To this end, a novel active-screen plasma activation and deposition technology has been developed
to deposit silver, platinum and palladium nanoparticles on activated CNFs surfaces to increase
their specific surface area and electrical conductivity, thus improving the specific capacitance.
The functionalised CNFs were fully characterised using scanning electron microscope (SEM),
energy dispersive X-ray analysis (EDX) and X-ray diffraction (XRD) and their electrochemical
properties were evaluated using cyclic voltammetry and electrochemical impedance spectroscopy.
The results showed a significant improvement in specific capacitance, as well as electrochemical
impedance over the untreated CNFs. The functionalisation of CNFs via environmental-friendly
active-screen plasma technology provides a promising future for cost-effective supercapacitors with
high power and energy density.

Keywords: carbon nanofibres (CNFs); active-screen plasma sputtering (ASPS) technology;
supercapacitors (SCs); silver (Ag); platinum (Pt) and palladium (Pd) nanoparticles

1. Introduction

The enormous growth of electric vehicles and portable electronic devices has boosted the
needs for energy storage devices simultaneously with high power and energy density. The most
common energy storage devices are batteries, fuel cells and supercapacitors (SCs). The latter have
attracted significant attention and research progress due to their advantageous properties over the
formers. SCs exhibit greater power density satisfying the increasing demand for high power electrical
appliances and fast charging, and they can withstand larger numbers of charge-discharge cycles [1,2].
However, SCs suffer from lower energy densities, high costs of raw materials and manufacturing
which limit their widespread use and commercialisation [3–11]. One of the most crucial and greatest
challenges to achieve these targets is indeed control of nanoscale materials and structures used for the
SCs [12–14]. A large quantity of processing methods have been presented to fabricate SC electrodes
based on carbon materials [15], especially carbon nanoparticles, graphene and carbon nanotubes
(CNTs) [16,17]. In the past few years, two-dimensional (2D) nanomaterials including graphene,
graphene-like materials, such as MXenes and transition-metal dichalcogenide (TMDs) have been
explored to develop supercapacitors with enhanced electrochemical performance [18–25].
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The energy storage in SCs is based on the electrostatic forces in the formation of an electrochemical
double layer (EDL) between electrons and ions as well as fast redox reaction. Theoretically, the energy
density of a supercapacitor is proportional to the specific capacitance and the operating cell voltage,
given below [1,26,27]

Es =
1
2

CsΔV2 (1)

where Es is the energy density, Cs is the specific capacitance, and ΔV is the operating cell voltage.
Therefore, improved energy density can be achieved through increasing specific capacitance and
extending operating cell voltage. According to Equation (2), specific capacitance of an electrode is
dependent of the surface area of the electrode [1], therefore materials with a high surface area are
preferable for electrode fabrication.

Cs =
εA
md

(2)

where ε is the electrolyte dielectric constant, A is the surface area of the electrode material, d is the
effective thickness of the EDL, and m is the mass of the electrode material. Also, it is crucial to retain
high power density when improving energy density. Power density of supercapacitors is associated
with the rate capability of electrodes which reflects how fast charge/discharge cycling can be when
good capacitive behaviour is maintained. Rate capability of electrode materials is related with their
electrochemical impedance, and hence low electrochemical impedance is also demanded for electrode
materials [28].

Carbon materials such as carbon nanotubes (CNTs) and carbon nanofibres (CNFs) are considered
as good anode materials for SCs due to their accessibility, chemical inertness in different solutions,
easy processability and good temperature tolerance [29–32]. Also, many physical and chemical active
methods allow for production of the material with an improved surface area and a controllable pore
structure [29,32,33]. Although CNTs show unique tubular porous structures and prominent electrical
properties [15], their applications are limited by the production costs [32]. Instead, inexpensive
CNFs can be easily manufactured using different methods such as electrospinning [34–36] or vapor
growth [37,38]. Also, CNFs are easy to disperse, process and functionalise achieving high conductivity
and improved surface area. Therefore, CNFs have attracted great interest for making cost-effective
supercapacitor electrodes. It was found that electrical conductivity of CNT films could be increased
following the deposition of metallic nanoparticles such as gold, silver, platinum and palladium on
CNTs by plasma sputtering [18]. Active-screen plasma sputtering technology offers a green and easy
route to achieve the deposition of metallic nanoparticles [39–42], compared to electrochemical [43,44]
and electroless deposition [45,46] because the former is a physical deposition method which does not
involve disposal of polluting wastes or chemicals.

This work aimed at functionalising the inexpensive CNFs by coating with Ag, Pt and Pd
nanoparticles via the environmentally-friendly active-screen plasma sputtering and hence improving
their electrochemical properties. The results showed that the specific capacitance and electrochemical
impedance of CNFs were improved significantly and good cyclability was achieved.

2. Materials and Methods

2.1. Sample Preparation

CNFs were supplied by Sigma-Aldrich Company Ltd. (Dorset, UK) and they were pyrolytically
stripped. The carbon content is more than 98% with trace amounts of sulphur, calcium, silicon, nickel,
chromium, sodium, magnesium and iron. Commercial CNF powders (Sigma-Aldrich) (5 g) were
dispersed in isopropanol (20 mL), provided by Struers (Catcliffe, UK), to form a suspension which
was then sonicated at a power of 200 W for 1 h to disperse the CNFs. The suspension was distributed
into glass Petri dishes (54 mm dimeter) and left to dry overnight, allowing the CNFs attaching to the
Petri dishes.
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2.2. Active-Screen Plasma Sputtering (ASPS)

The setup of active-screen plasma sputtering (ASPS) is demonstrated in Figure 1. The Petri dishes
including CNFs were introduced in the vacuum chamber of a laboratory scale modified DC furnace
(Klöckner Ionon GMBH, Bergisch Gladbach, Germany) with different targets of silver, palladium
and platinum (specification: 80 mm × 80 mm × 0.2 mm; purity: 99.99%; Birmingham Metal Co.
Ltd., Birmingham, UK), respectively. The distance between target plates and Petri dishes was 33 mm.
ASPS was carried out at 320 ◦C at a heating rate of 500◦/h in an atmosphere containing 75% hydrogen
and 25% argon at a pressure of 0.75 mbar. The treatment time ranged from 0.1 to 1.0 h. The sample
codes and treatment details are listed in Table 1.

 
Figure 1. Schematic diagram of the active-screen plasma sputtering (ASPS) setup inside the plasma furnace.

Table 1. Experimental conditions of active-screen plasma sputtering (ASPS).

Sample Code Target Material Gas Pressure (mbar) Temperature ◦C) Time (h)

CNFs/Ag-0.1h Silver

25% Ar + 75% H2 0.75 320

0.1
CNFs/Ag-0.5h Silver 0.5
CNFs/Ag-1.0h Silver 1.0
CNFs/Pt-0.1h Platinum 0.1
CNFs/Pt-0.2h Platinum 0.2
CNFs/Pt-0.5h Platinum 0.5
CNFs/Pd-0.1h Palladium 0.1
CNFs/Pd-0.5h Palladium 0.5

2.3. Fabrication of Electrodes

The structure of the home-made working electrode is shown in Figure 2. A copper wire was cold
mounted in a tube using mixture of epoxy resin and epoxy resin hardener. The resin was then ground
down until the end of the copper wire was fully exposed. A disc of conductive double-sided copper
tape was attached to the end. Before the electrochemical experiment, different CNFs were attached to
different conductive tapes, respectively. The weight of the attached CNFs (m) was measured and used
to calculate their specific capacitance.
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Figure 2. Schematic diagram of the electrodes.

2.4. Microstructure Characterisation

Joel 7000 scanning electron microscope (SEM) (Joel, Tokyo, Japan) equipped with an Oxford Inca
energy dispersive X-ray spectroscopy (EDX) (Oxford Instruments, Abingdon, UK), was utilised to
observe the morphology and collect the elemental information of deposited nanoparticles on CNFs.
The phases of nanoparticles were identified using Bruker D8 ADVANCE diffractometer.

2.5. Electrochemical Test

Home-made three-electrode cell consisting of a working electrode (CNFs), a saturated calomel
electrode (SCE) and a platinum inert counter electrode was designed for half-cell measurement.
The solution was Na2SO4 (anhydrous, 99%) in de-ionized water at concentration of 1 M. The tests
were carried out at room temperature. Cyclic voltammetry (CV) cycled between −0.2 and −0.7 V with
respect to the SCE at different charge/discharge linear scan rates (i.e. 10, 25, 50, 100 and 200 mV/s)
unfolded the charging and discharging performance of the working electrode. Cyclic voltammograms
were obtained to calculate the specific capacitance of the untreated and functionalised CNFs by
Equation (3) [47]. The first few cycles were neglected due to unstable initial conditions caused by
electrode activation [48].

Cs =
Q

2mΔV
=

∫
IdV
v

2mΔV
=

∫ I
m dV
v

2ΔV
(3)

where Cs and Q are the specific capacitance of material and total charge in one cycle under a specific
potential scan rate (v), respectively, I is the measured current through the circuit, V is the applied
potential (vs. SCE),

∫
IdV is the integral area of a CV curve integrating the forward and backward

scans in the cyclic voltammogram, ΔV is the operating cell voltage, J is the measured current density.
Electrochemical impedance spectroscopy (Nyquist diagrams) over a frequency range of 0.05 to

100,000 Hz around the open circuit potential with an alternating current (AC) perturbation of 10 mV
revealed the relationship between imaginary and real impedances (Z|imag| and Z|real|). CNFs/Pd-0.5h,
CNFs/Pt-0.5h and CNFs/Ag-1.0h were then charged and discharged at a constant current density of 2,
0.8 and 0.8 A/g, respectively, for 2000 cycles to test their cyclability in terms of capacitance retention.
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3. Results

3.1. Microstructure

Figure 3a–i show the typical morphology of the untreated CNFs and functionalised CNFs.
Typical diameters of the CNFs range from 150 to 450 nm. The untreated CNFs have a smooth
surface, while the functionalised CNFs have relatively rough surfaces. The EDX results display the
chemical composition of the nanoparticles deposited on CNFs. The existence of silver, palladium
and platinum elements was detected in functionalised CNFs, respectively. Traces of copper were
observed due to the copper tape for SEM sample preparation, and traces of iron and chromium were
also identified, which mainly come from the sputtering effect of the active-screen due to plasma
bombardment [40,49]. Figure 3b–f show that the size of Ag and Pd nanoparticles increased with the
sputtering time. The size of the Pd nanoparticles was generally greater than that of Ag nanoparticles
after the same sputtering times (0.1 h and 0.5 h, respectively). The particle size of Pd reached up to
250 nm after sputtering for 0.5 h, while that of Ag was around 100 nm after sputtering for 1.0 h.
The morphology of the nanoparticles appeared to change from spherical to more nodular with
increasing sputtering time. The surface morphology of CNFs/Pd became inhomogeneous after
sputtering for 0.5 h, whereas the distribution of the Ag nanoparticles was relatively uniform even
after sputtering for 1.0 h. In comparison, the surface morphology of the CNFs/Pt was quite different
(Figure 3g–i). The size of the platinum nanoparticles deposited on CNFs was very small and almost
remained constant with the sputtering time. The CNFs/Pt achieved a smooth surface finish and
a homogeneous as well as fine particle distribution. In addition, there were valleys between the
nanoparticles, and the size of these valleys differed with nanoparticle types and sputtering time.
For CNFs/Ag and CNFs/Pd, the size of valleys increased with increasing sputtering time, with the
valleys becoming large as tens of nanometres after 1.0 and 0.5 h, respectively, whereas the CNFs/Pt-0.5h
displayed valleys of negligible sizes and remained constant. XRD characterisation revealed equilibrium
phase of the deposited element and one of the samples is shown in Figure 3m. It can be seen that
the major peaks of pure silver were identified, indicating the existence of pure silver instead of silver
compounds. The peaks of copper were due to the copper tape background.
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Figure 3. SEM images of: (a) untreated CNFs; (b) CNFs/Pd-0.1h; (c) CNFs/Pd-0.5h; (d) CNFs/Ag-0.1h;
(e) CNFs/Ag-0.5h; (f) CNFs/Ag-1.0h; (g) CNFs/Pt-0.1h; (h) CNFs/Pt-0.2h; (i) CNFs/Pt-0.5h. All scale
bars are representing 300 nm. EDX spectrum of: (j) CNFs/Pd-0.5h taken from spot ‘A’, denoted in (c);
(k) CNFs/Ag-1.0h taken from spot ‘B’, denoted in (f); (l) CNFs/Pt-0.1h taken from spot ‘C’, denoted in
(g). (m) XRD pattern indicating the phase of CNFs/Ag-0.5h.

3.2. Electrochemical Performance

Figure 4a–d show typical CV curves of untreated CNFs and functionalized CNFs. The data was
taken after 10 cycles. At low scan rates (10 and 25 mV/s), all CV curves exhibited quasi-rectangular
shapes without obvious redox peaks, demonstrating an appropriate capacitive behavior [50].
However, the distortion from a rectangular shape became more pronounced with increasing scan
rates. At high scan rates (100 and 200 mV/s), the CV curves of all samples except for CNFs/Ag-1.0h
and CNFs/Pd-0.5h exhibited considerably huge distortion, indicating poor rate capability of the
system [51]. This might attribute to the limited ion-penetration diffusion into the materials, where only
the outer surface was in use for charge storage [52]. In comparison, CNFs/Ag-1.0h and CNFs/Pd-0.5h
exhibited good rate capability [51].
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(c) (d) 

(a) (b) 

Figure 4. Typical cyclic voltammograms for electrodes made of: (a) untreated CNF; (b) CNFs/Pt-0.5h;
(c) CNFs/Pd-0.5h and (d) CNFs/Ag-1.0h.

Figure 5a–c show that at same scan rates, the specific capacitances of functionalised CNFs were
all greater than that of untreated CNFs, and they increased with the sputtering time. The specific
capacitances decreased as the scan rate increased, with CNFs/Pt showing the greatest shrinkage.
CNFs/Pt-0.5h, CNFs/Pd-0.5h and CNFs/Ag-1.0h exhibited the best performance within their own
groups, and their values were 12.9, 5.7 and 5.6 times larger than that of untreated CNFs at 10 mV/s,
respectively, and 3.0, 13.0 and 10.9 times larger at 200 mV/s. Figure 5d illustrates that the specific
capacitance of CNFs/Pt-0.5h declined dramatically with scan rates, losing approximately 90% of its
capacity at 200 mV/s compared with that at 10 mV/s, whilst CNFs/Ag-1.0h and CNFs/Pd-0.5h
experienced less reductions in capacity as the scan rate increased. The specific capacitance for
CNFs/Pd-0.5h only decreased by 27%, indicating its good rate capability [53].

 

Figure 5. Specific capacitances for: (a) CNFs/Ag series; (b) CNFs/Pt series; (c) CNFs/Pd series;
(d) CNFs/Ag-1.0h, CNFs/Pt-0.5h and CNFs/Pd-0.5h, at a series of scan rates (10 to 200 mV/s).
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In Figure 6, the capacity of CNFs/Pt-0.5h and CNFs/Pd-0.5h decreased by 15.8% and 16.9%
of the initial values, respectively, over 2000 cycles. CNFs/Ag-1.0h fluctuates around the initial
value. The capacity of qualified SCs commonly falls by less than 20% of the initial value within their
lifetime [54]. The average charging time is: 1.30 s for Ag-1.0h at current density of 0.8 A/g, 1.40 s for
Pt-0.5h at 0.8 A/g, 0.77 s for Pd-0.5h at 2 A/g. Therefore, the results demonstrated that CNFs/Ag-1.0h,
CNFs/Pt-0.5h and CNFs/Pd-0.5h all exhibited good cycle stability for use in at least five years if they
were charged and discharged once a day, and the former had the best performance.

 
Figure 6. Capacitance retention of CNFs/Pd-0.5h, CNFs/Pt-0.5h and CNFs/Ag-1.0h.

In Nyquist plots, the intersection of the projected dash lines and the x-axis indicates the equivalent
series resistance (ESR) of the electrodes, which is associated with the electrode porous structure and
determines their rate capability [5,55]. The intersections between the semicircle and the x-axis at lower
and higher Z|real| (e.g., in Figure 7b) represent the equivalent internal resistance (Rs) and charge
transfer resistance (Rct) of the electrode material, respectively [34]. Rs involves the resistance of the
electrode material and electrolyte, as well as the contact resistance at the interface between current
collector and electrode material. Rct are related with the ion and electron transfer process during the
formation of EDL. Figure 7a shows that all functionalised CNFs were shifted to the left and achieved
smaller semicircle diameters than untreated CNFs, indicating lower charge transfer resistance of
the functionalised CNFs [34]. Also, the slopes of functionalised CNFs were steeper than that of the
untreated CNFs, indicating that functionalised CNFs can achieve faster EDL formation which leads
to higher rate capability and hence higher power density [35,36]. Figure 7b–d show that the Rct
and ESR for each kind of materials both decreased with increasing sputtering time, indicating low
electron-and-charge transfer resistance and high rate capability, respectively [28]. Figure 7e compares
the best material in each group. CNFs/Pd-0.5h exhibited the smallest Rct and ESR, as well as the
steepest slope of the diffusion tail, indicating the fastest ion diffusion and penetration in the formation
of EDL [35,36]. Therefore, it can be inferred that CNFs/Pd-0.5h had the best rate capability, which is
consistent with the CV results.
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Figure 7. Nyquist plots of: (a) untreated and functionalised CNFs; (b) CNFs/Ag series; (c) CNFs/Pd
series and (d) CNFs/Pt series and (e) CNFs/Ag-1.0h, CNFs/Pd-0.5h and CNFs/Pt-0.5h.

4. Discussion

4.1. Effect of the Nanoparticle Deposition on the Electrochemical Performance of CNFs

The electrochemical performance for the functionalised CNFs displayed a significant improvement
possibly due to the corresponding surface structures [28,55,56]. The increase of specific capacitance
for functionalised CNFs may have attributed to the porous structures. In the SEM images, the valleys
existing between the nanoparticles can be considered as porous structures contributing to increased
surface area for ion adsorption, therefore improving the specific capacitance. Pd and Ag nanoparticles
tended to agglomerate to form larger nanoparticles, whereas Pt nanoparticles piled up evenly on
the previous nanoparticles. Consequently, the pore sizes of CNFs/Ag-1.0h and CNFs/Pd-0.5h
were in the range of tens of nanometres while that of CNFs/Pt-0.5h was only a few nanometres.
The desirable electrode materials present a hierarchical porous structure including macropores (>50 nm)
for accommodating ions, mesopores (2–50 nm) for facilitating the ion transport, and nanopores (<2 nm)
for boosting the charge storage [57,58]. The accessibility of ions from electrolyte into nanopores (<2 nm)
depends on both the ion size and the pore dimension. It is believed that maximum EDL capacitance is
yielded when the pore size is approximate to the ion size, and both larger and smaller pores cause a
rapid drop in capacitance [59]. The EDL formed at CNFs is mainly due to the adsorption of hydrated
Na+ ions with an average size of 0.358 nm [60,61]. The low specific capacitance of untreated CNFs may
result from unfavourable ion adsorption due to its surface structures. In contrast, a high capacitance
was obtained on CNFs/Pt-0.5h at small scan rates possibly because CNFs/Pt-0.5h achieved a large
number of nanopores close to the size of Na+ ions. Accordingly, Na+ ions could access this kind of
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nanopore cavities and form strong interactions within the cavities, resulting in high adsorption and
enhanced charge storage [62]. However, the pore size remained constant with sputtering time of up to
0.5 h, and hence, mesopores might be negligible in CNFs/Pt. The fine structure of CNFs/Pt might lead
to longer paths for ion diffusion and thus higher charge transfer resistance, hindering fast formation of
the EDL which in turn led to poor rate capability [36,42,43]. On the contrary, perhaps owing to the
large numbers of pores equivalent to mesopores existing in their surface structures, CNFs/Pd and
CNFs/Ag obtained improved rate capability with the increasing sputtering time. The relatively simple
structure of mesopores could shorten the ion diffusion paths and lower the charge transfer resistance
effectively, therefore promoting the ion transport and the adsorption/desorption process [58,63,64].
Their capacitances were smaller than that of CNFs/Pt-0.5h at low scan rates possibly due to the lack of
nanopores [65]. The present results showed that the ASPS technology may provide a way to achieve
controllable porous structures and surface properties, enabling the manipulation of electrochemical
performance of SCs.

It is noted that the performance of the supercapacitors in our research was not as good as
the other literature results. CNFs/Pt-0.5h showed the highest specific capacitance (~10.5 F/g) at
10 mV/s, but it was lower than the state-of-art literature results which are normally hundreds of
F/g. Nonetheless, this feasibility study shows the potential of the active screen plasma treatments for
the energy storage applications, and follow-on work has been planned to optimise the process and
improve the performance of the final products.

4.2. Potential Application of the Functionalised CNFs

From the CV and EIS analysis, CNFs/Pt-0.5h exhibited the highest specific capacitance only at
low scan rates, while CNFs/Pd-0.5h displayed the lowest ESR, excellent rate capability and highest
specific capacitance at high scan rates. A small ESR corresponding to fast EDL formation is the
key for high rate capability and high power density for SCs [1,28]. CNFs/Ag-1.0h showed lower
specific capacitance and rate capability compared to CNFs/Pd-0.5h, but better cycle stability than
CNFs/Pd-0.5h, which may contribute to a more consistent performance. Above all, CNFs/Pd-0.5h can
be a suitable SC electrode material for short-term use, while CNFs/Ag-1.0h might be appropriate for
long-term use.

5. Conclusions

The deposition of Ag, Pd and Pt nanoparticles on CNFs via ASPS was successful. The surface
morphology of functionalised CNFs depended on target materials and sputtering time. The sizes of
Ag and Pd nanoparticles both increased with sputtering time; their shapes changed from spherical to
nodular, and their distribution became less uniform, whereas Pt nanoparticles remained constantly
small in size. The cyclic voltammetry performance of CNFs was significantly improved after
functionalisation. The specific capacitance of functionalised CNFs increased with sputtering time for
each target material. CNFs/Pt-0.5h showed the highest specific capacitance (~10.5 F/g) at 10 mV/s
but poor rate capability, while CNFs/Pd-0.5h and CNFs/Ag-1.0h exhibited competitive values at
high scan rates. CNFs/Pd-0.5h exhibited the lowest ESR in the EIS analysis, suggesting excellent rate
capability, while the excellent life-cycle was achieved on CNFs/Ag-1.0h.
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Abstract: The unique and outstanding electrical and optical properties of graphene make it a potential
material to be used in the construction of high-performance photosensors. However, the fabrication
process of a graphene photosensor is usually complicated and the size of the device also is restricted
to micrometer scale. In this work, we report large-area photosensors based on reduced graphene
oxide (rGO) implemented with Ag nanoparticles (AgNPs) via a simple and cost-effective method.
To further optimize the performance of photosensors, the absorbance and distribution of the electrical
field intensity of graphene with AgNPs was simulated using the finite-difference time-domain
(FDTD) method through use of the surface plasmon resonance effect. Based on the simulated results,
we constructed photosensors using rGO with 60–80 nm AgNPs and analyzed the characteristics at
room temperature under white-light illumination for outdoor environment applications. The on/off
ratio of the photosensor with AgNPs was improved from 1.166 to 9.699 at the bias voltage of −1.5 V,
which was compared as a sample without AgNPs. The proposed photosensor affords a new strategy
to construct cost-effective and large-area graphene films which raises opportunities in the field of
next-generation optoelectronic devices operated in an outdoor environment.

Keywords: photosensor; reduced graphene oxide; Ag nanoparticles; solution process;
finite-difference time-domain

1. Introduction

Two-dimensional material graphene with unique properties distinguished from bulk materials
has been one of the most celebrated inventions [1,2] in the applications of photosensors and therefore
the development of high-efficiency photosensors has become an emerging area of research [3–5].
The interesting properties of two-dimensional graphene materials include high flexibility, high mobility,
a large surface to volume ratio, broadband absorption which results from its structure, symmetrical
conduction/valence bands and the linear dispersion of Dirac massless electrons [6–8]. However,
photosensors based on single-layer graphene usually exhibit low responsivity and short carrier
lifetime due to their zero bandgap. Moreover, graphene-based photosensors are typically fabricated
under high-temperature and high-vacuum growth conditions. Besides, single-layer graphene may be
broken during the transferring process, therefore the size of graphene flakes and devices is limited,
which has become the bottleneck for the future development of graphene [9,10]. In recent years,
a solution-processed reduced graphene oxide (rGO) with a tunable bandgap that can range from
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1.00 eV to 1.69 eV through modifying its oxygen content has gained much attention, owing to its
cost advantage. Consequently, the development of rGO devices and rGO nanocomposites has been
widely explored [11–15]. To further improve the performance of graphene-based photosensors, several
approaches can be applied. For example, authors formed a vertical built-in field in the graphene
channel to trap the photoinduced electrons [16] or fabricated a gated multilayer photodetector,
integrated on a photonic waveguide to reduce dark current and increase responsivity [17–20]. However,
these structures were conventionally obtained by using the time-consuming e-beam deposition method
or a complicated photolithography process.

Recently, photosensors with plasmonic structures have been proposed as an effective
way to improve the absorption in the active layer which would contribute to the enhanced
photocurrent [21–24]. The physics of surface plasmon resonance lie in the oscillation of conducting
electrons at the interface of materials with different permitivities, such as the metal and the
non-conducting media. By modifying the shape, structure or surrounding of the metal and the
non-conducting media, the characteristics of surface plasmon resonance can be tailored, which is of
interest to their potential use in optoelectronic devices [25,26]. Based on this theory, the performance
of photosensors can be improved by decorating rGO with plasmonic metal nanoparticles. This not
only preserves the outstanding properties of the original material but also provides the improved
characteristics. For example, the Ag nanoparticles have a superior ability to enhance the photocurrent
through light scattering and the surface plasmon resonance effect [27–29]. As a result, graphene
with plasmonic nanoparticles can construct a hybrid system that benefits modified and enhanced
light absorption [30]. While Ag nanoparticle-graphene nanocomposites have demonstrated enhanced
carrier separation, very little research has been performed for the Ag nanoparticle-rGO hybrid system
constructed on large-area photosensors and operated under white-light illumination for outdoor
environment applications.

Here, we provide the fabrication method of rGO films on SiO2/Si substrates to construct large-area
photosensors via a cost-effective solution process. To further optimize the characteristics of rGO films
and improve the performance of photosensors, the absorbance and distribution of the electrical field
intensity of graphene with different size plasmonic Ag nanoparticles was simulated through the
finite-difference time-domain (FDTD) method. Then, 60–80 nm Ag nanoparticles combined with rGO
were spin-coated on SiO2/Si substrates to form the plasmonic photosensors and the characteristics of
the photosensors were measured under white-light illumination using a solar simulator for outdoor
environment applications. It was found that the photocurrent of photosensors based on rGO with
Ag nanoparticles was enhanced and the on/off ratio was therefore improved from 1.166 to 9.699,
comparing the photosensors without Ag nanoparticles. This can be attributed to the effective surface
plasmon resonance and light scattering effect. Our fabrication procedure and measured results offer
a valuable guide to improving the performance of large-area photosensors or other devices via a simple
way which can be applied for future wearable and outdoor devices.

2. Materials and Methods

Figure 1a shows the schematic structure of a solution-processed rGO photosensor on a SiO2/Si
substrate. First, Si substrates were cleaned using hydrofluoric acid and then rinsed using deionized
(DI) water to remove the native oxide on the Si. Then, 300 nm-thick of SiO2 was deposited on the Si
by the sputtering system. The absorbing layer, rGO, was obtained by reducing the graphite oxide
(GO). To synthesize rGO, GO in DI water was sonicated followed by adding hydrobromic acid into
the GO colloids. Then the mixtures were refluxed in an oil bath at 110 ◦C for 24 h. The rGO flakes
were obtained after the processes of filtration, washing and desiccation. To construct the active layer of
photosensors, rGO flakes in DI water were spin-coated on SiO2/Si substrates at a spin rate of 3000 rpm.
Finally, a 120 nm Ag film which served as a contact electrode was sputtered on the rGO/SiO2/Si.
The size of the photosensor was 1.5 cm in width and 1.5 cm in length; the rGO detective channel
of the photosensor was 0.2 cm in width and 1.5 cm in length. To further improve the performance
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of photosensors, 60–80 nm Ag nanoparticles (commercial products produced by Golden Innovation
Business Company) mixed with rGO solution were spin-coated on SiO2/Si at a spin rate of 3000 rpm.
The shape and the diameter of the Ag nanoparticles were spherical and 60–80 nm, respectively.
The structure and fabrication processes of the rGO and Ag nanoparticle-rGO photosensor were the
same besides the adding of Ag nanoparticles. The SEM image of the rGO with Ag nanoparticles
photosensor on the SiO2/Si substrate is illustrated in Figure 1b, indicating that the rGO was sheet-like
and the rGO flakes can construct a continuous film. Moreover, the plasmonic Ag nanoparticles were
successfully coated on the rGO flakes.

  
(a) (b) 

Figure 1. (a) Structure of a Ag nanoparticle-reduced graphene oxide (AgNPs-rGO) photosensor. The Ag
nanoparticles mixed with reduced graphene oxide (rGO) were spin-coated on SiO2/Si to improve the
performance of photosensors; (b) SEM image of rGO with 60–80 nm Ag nanoparticles (AgNPs).

3. Results and Discussion

Raman spectroscopy is a useful and informative technique used to investigate disorder in sp2

carbon materials. As shown in Figure 2, characteristic D, G, and 2D peaks of rGO film are observed
at 1334, 1591, and 2730 cm−1, respectively. The D peak is resulted from the existence of dislocations
or vacancies in the graphene and the G peak is originated from the in-phase stretching vibration of
symmetric sp2 C-C bonds [31,32]. Based on the peaks in the measured Raman spectra, we can confirm
that the material we used was rGO. As the Ag nanoparticle combined rGO film is formed, the intensity
of Raman spectra exhibits an obvious enhancement due to enhanced Raman scattering induced by the
intense local electromagnetic fields of the plasmonic Ag nanoparticles.

Figure 2. Raman spectra of rGO and Ag nanoparticles-rGO hybrid films. The Raman intensity of rGO
with Ag nanoparticles is enhanced owing to the surface plasmon resonance effect.

The oscillation of carriers generated by the surface plasmon resonance can radiate electromagnetic
energy at the same frequency as that of the surface plasmon resonance, which leads to elastic/Rayleigh
scattering. Meanwhile, the surface plasmon resonance is dependent on the size and shape of particles
as well as the dielectric constant of the surrounding materials [33,34]. To further investigate the surface
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plasmon resonance effect and the morphology of graphene on the absorbance and distribution of
the electric field intensity, we executed simulated absorbance spectra of flat graphene and rough
graphene with Ag nanoparticles using the FDTD method. The flat structure was constructed as
Ag nanoparticles/flat and few-layer graphene/SiO2/Si; the rough structure was designed as Ag
nanoparticles/rough and multilayer graphene/SiO2/Si. The roughness of graphene was around tens
nanometers. Figure 3a,b displays the simulated absorbance spectra of 20 nm, 40 nm, 60 nm and 80 nm
Ag nanoparticles on flat graphene/SiO2/Si and rough graphene/SiO2/Si, respectively. Based on the
full Mie equation, for larger nanoparticles (diameter >20 nm), the extinction cross section is dependent
on higher-order multipole modes and the extinction characteristics are dominated by quadrupole,
octopole absorption and scattering [33]. These higher oscillation modes are related to the particle
size, in addition, the maximum absorption may shift to a longer wavelength and the bandwidth
will increase with increasing particle size. As displayed in Figure 3a, the absorbance curves of flat
graphene with any size of Ag nanoparticles shift toward longer wavelengths, and the larger size
of Ag nanoparticles, the larger the shift. In the case of the absorbance spectra of rough graphene
with Ag nanoparticles as shown in Figure 3b, the curves also exhibit a shift, however, the shifted
wavelengths are not linearly dependent on the particle’s size because the surface plasmon resonance
and the light scattering phenomena are more complex. Nevertheless, the frequency of the surface
plasmon resonance can be modified and the absorbance of Ag nanoparticles/graphene/SiO2/Si is
increased in several parts of the wavelength range.

 
(a) (b) 

Figure 3. Simulated absorbance spectra of bare graphene and graphene with different size of
Ag nanoparticles on (a) flat and few-layer graphene/SiO2/Si and (b) rough and multi-layer
graphene/SiO2/Si.

To explore the effect of graphene morphology on the surface plasmon resonance, the electric field
intensity distributions of 60 nm Ag nanoparticles on flat and rough graphene were both simulated.
Figure 4a shows the electric field intensity distribution of Ag nanoparticles on flat and few layer
graphene/SiO2/Si at wavelengths of 410 nm, 510 nm and 650 nm, respectively. The electric field
intensities around the Ag nanoparticles at wavelengths 410 nm and 510 nm show the highest and
lowest values, respectively, which agrees with the simulated absorption spectra at the wavelengths
of 410 nm, 510 nm and 650 nm. Figure 4b exhibits the electric field intensity distribution of Ag
nanoparticles on rough and multilayer graphene/SiO2/Si at wavelengths of 410 nm, 510 nm and
650 nm, respectively. The roughness of multilayer graphene is about 20 nm. Similarly, the electric field
intensity around the Ag nanoparticles at the wavelength of 410 nm is stronger than those of other
wavelengths. From these simulated results, it is revealed that the electrical field intensity distributions
can be enhanced through the addition of Ag nanoparticles on both flat and rough graphene surfaces.
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(a) (b) 

Figure 4. (a) Simulated electric field intensity distributions of 60 nm Ag nanoparticles/flat and few-layer
graphene/SiO2/Si at wavelengths of 410 nm, 510 nm and 650 nm, respectively; (b) simulated electric
field intensity distributions of 60 nm Ag nanoparticles/rough and multilayer graphene/SiO2/Si at
wavelengths of 410 nm, 510 nm and 650 nm, respectively.

To investigate the difference in the surface plasmon resonance effect between the simulated and
experimental results, the optical absorbance spectra of 60–80 nm Ag nanoparticle-rGO on SiO2/Si
with different spin rates, including 1500 rpm, 2000 rpm, 2500 rpm, 3000 rpm and 3500 rpm were
measured through ultraviolet-visible-near infrared (UV-vis-NIR) spectroscopy in a wavelength range
from 350 nm to 1000 nm, as shown in Figure 5. When several metal nanoparticles are close to other
nanoparticles, the coupling effect between particles becomes very important. By controlling the spin
rate of Ag nanoparticles/rGO solution on substrates, the density of Ag nanoparticles and the thickness
of rGO can be tuned. Figure 5 displays that the absorbance curves of Ag nanoparticle-rGO with
different spin rates is shifted about 10 nm which is beneficial to specific optoelectronic devices.

 
Figure 5. Absorbance spectra of rGO with a spin rate of 3000 rpm and 60–80 nm Ag nanoparticle-rGO
with spin rates of 1500 nm, 2000 nm, 2500 nm, 3000 nm and 3500 nm, respectively.

To design photosensors operated in an outdoor environment, typical current-voltage (I-V)
characteristics of rGO and Ag nanoparticle-rGO photosensors under white-light illumination by
the light source of an AM 1.5 G solar simulator with power density of 1.03 kW/m2 were measured.
Figure 6a shows the structure of a rGO-based photosensor with electrical connections to detect the
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I-V characteristics. The applied voltage of back gate (Vg) was set as 0 V for low-power applications
and one of the Ag electrodes served as a drain and the other electrode as a source. The voltage
between the drain and source (Vds) was swept from −3 V to +3 V. When the rGO absorbs incident
light, excitons (electron-hole pairs) are obtained at the Schottky-like metal-rGO interface. In addition,
defects in the rGO film can help dissociate excitons into free carriers and some of them have sufficient
energy to overcome the Schottky barrier. In Figure 6b, I-V curves of a rGO photosensor without
Ag nanoparticles are displayed. The light and dark currents are distinguishable even at a low bias
because the photosensor collects more photocurrent, owing to large absorbing area. I-V characteristics
of a photosensor with 60 nm Ag nanoparticles are displayed in Figure 6b. A further improvement of
the on/off ratio is achieved by the surface plasmon resonance effect caused by the Ag nanoparticles.
At the bias of −1.5 V, the dark current, light current and on/off ratio of the photosensor without
Ag nanoparticles was 0.241 μA, 0.281 μA and 1.166, respectively; the dark current, light current and
on/off ratio of the photosensor with 60–80 nm Ag nanoparticless was 0.163 μA, 15.809 μA and 9.699,
respectively. The responsivities of photosensors without and with Ag nanoparticles at bias voltage
of −1.5 V were 0.52 μA/W and 202.53 μA/W, respectively. As incident light with proper frequency
illuminates on the plasmonic structure, the oscillation of conducting electrons at the interface of
materials arises and the electrical field intensity surrounding the plasmonic structure is increased,
leading to the improved photocurrent. As a result, the on/off ratio of rGO with Ag nanoparticles
can be enhanced, which is attributed to the plasmon-generated carriers from the AgNPs into the
surrounding rGO and the plasmon-enhanced direct carrier excitation of rGO electrons. Additionally,
the dark current of the photosensor with Ag nanoparticles shows a higher shunt resistance than that
of the photosensor without Ag nanoparticles, resulting in the improved on/off ratio and a lower
dark current.

 
Figure 6. (a) Cross-sectional view of the rGO photosensor with electrical connections for current-voltage
(I-V) measurement. The substrate is served as a back gate; one of the Ag electrodes sets as drain and
the other is the source. Current-voltage curves of (b) a rGO photosensor without Ag nanoparticles and
(c) a rGO photosensor with 60–80 nm Ag nanoparticles.
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In Figure 7a, light currents of photosensors with and without Ag nanoparticles operated at the bias
−2 V were measured under different levels of light density illumination. For the photosensor without
Ag nanoparticles, more photons were absorbed and they generated more carriers as the intensity of
light was increased. For the photosensor with Ag nanoparticles, the photocurrent increased with
the increase of light density when the light power density was lower than 0.9 kW/m2 and the light
current was saturated when the light power density was higher than 0.9 kW/m2. This phenomenon
can be attributed to the reduced effective trap states and therefore the light current cannot further
increase. Figure 7b,c show the time-dependent responses of the photodetectors without and with Ag
nanoparticles, respectively. Both devices were operated at the bias voltage of 2 V and the photocurrents
were measured by turning on and off the solar simulator which had a power density of 1.03 kW/m2.
These measured results demonstrate that the photosensors behave well under continuous cycling
illumination. To deeply study the response time of photosensors, the rising time was measured as the
photocurrent was increased from 10% to 90%. The rising time for the device without and with Ag
nanoparticles was 1.0 s and 1.5 s, respectively.

 
(a) (b) (c) 

Figure 7. (a) Light current as a function of the input light power density under solar simulator
illumination for photodetectors with and without Ag nanoparticles at the bias voltage of −2 V.
Time-dependent current of photosensors (b) without and (c) with Ag nanoparticles recorded at the
bias voltage 2 V under AM1.5G solar simulator illumination, turning on and off.

4. Conclusions

In summary, large-area rGO photosensors on SiO2/Si substrates have been constructed via
a cost-effective solution process. To further improve the performance of photosensors, hybrid materials
composed of rGO and plasmonic Ag nanoparticles were formed and devices were operated under
white-light illumination for outdoor environment applications. In this hybrid system, uniform and
continuous rGO films acted as absorbing layer of photosensors and Ag nanoparticles promoted the
photocurrent through the surface plasmon resonance effect. As a result, the Ag nanoparticle-rGO
photosensors exhibited excellently improved photocurrent and 8-fold increase in the on/off ratio.
Besides, the influence of the morphology of graphene on the surface plasmon resonance was
discussed using FDTD simulated results. Our study paves a new strategy for the fabrication of
an Ag nanoparticle-rGO hybrid system as well as for photosensors, which provides a possible way
for the future development of the solution-process and large-area optoelectronic devices used in
outdoor environments.
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Abstract: We fabricated carbon nanotube (CNT) cold cathode emitters with enhanced and stable
electron emission properties and long-time stability with electrical aging as a post-treatment. Our CNT
field emitters showed improved electrical properties by electrical aging. We set the applied bias for
effective electrical aging, with the bias voltage defined at the voltage where Joule heating appeared.
At the initial stage of aging, the electron emission current started to increase and then was saturated
within 3 h. We understood that 5 h aging time was enough at proper aging bias. If the aging bias is
higher, excessive heating damages CNT emitters. With the electrical aging, we obtained improved
electron emission current from 3 mA to 6 mA. The current of 6 mA was steadily driven for 9 h.

Keywords: carbon nanotube; field emitters; electrical aging; Joule heating; electron emission

1. Introduction

Carbon nanotubes (CNTs) have attracted much attention in vacuum nanoelectronic applications,
especially in the field of cold cathode-based vacuum devices. CNTs have several excellent advantages
as cold cathode emitters such as high aspect ratio, high thermal conductivity, and structural rigidity.
Many post-treatment processes have been conducted to improve the electrical properties of CNTs [1–7].
Because of these various advantages, CNTs are suitable for electron sources. In this paper, we
studied the enhancement of electrical properties of CNT emitters for their application as cold cathode
emitters. [8,9] The stable and long-term lifetime of a CNT-based cold cathode electron beam (C-beam)
is one of the most important requirements for commercialization. We developed the electrical aging
techniques to fabricate high-performance CNT cold cathode emitters. It was confirmed that the thermal
energy could change the crystallinity of CNTs through thermal annealing at 1000 ◦C [2,6]. In addition,
the improved crystallinity could enhance the electrical characteristics, such as lower turn-on field and
better stability of electron emission. In a high field emission current, Joule heating by an electron
current through CNT emitters and non-uniform electron emission from each CNT emitter was a
serious issue to be solved for lifetime enhancement. In previous studies, electrical aging removed the
catalyst to induce tip opening and improved the emission current [3]. In this study, we observed the
change of the electron emission characteristics by Joule heating. The crystallinity of CNT emitters
is one of the most important factors to enhance electron emission. We used this thermal energy by
resistive heating on CNT emitters for the structural modification of the CNT emitters. When Joule
heating appears during field emission, the temperature of the CNT tip and body increase depending
on the electron emission current. While growing CNTs, it is very difficult to control their structure
effectively. As the aging time continues, at high currents, only a small amount of the CNT emitter from
the non-uniform structure takes up the majority of the emission current, whereas surplus emission
current incurs the destruction of these CNTs, which makes the current unstable. In addition, relatively
weak CNT emitters are removed by resistive heating during electrical aging at high currents [10–20].
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Thus, the aging allowed a relatively larger number, and more evenly distributed shorter multi-walled
carbon nanotubes (MWCNTs) to become dominating emitters resulting in improving the field emission
(FE) reproducibility [21,22]. According to numerous previous studies, other mechanisms involved
in electrical aging are mainly the desorption of adsorbates caused by CNT heating [23,24], changes
in geometric structure [25–31], and particle cleaning. These are the reasons why it is significant to
carry out electrical aging to stabilize electron emission [32]. The heat generated by the resistance of
the CNT emitter during electron emission could modify the structure of the CNT emitters. The Joule
heat improved the crystallinity of the CNT emitters, resulting in stable electron emission. By adopting
post-processing technology called electrical aging, we obtained a stable lifetime of 9 h at a 97 mA/cm2

current density in a very simple and effective way.

2. Materials and Methods

2.1. Fabrication of Carbon Nanotube (CNT) Field Emitters

The CNT emitters were grown on a SiO2 layer with an n-type silicon (Si) substrate, followed by a
30 nm Ni deposition with radio frequency magnetron sputtering. Then, through the photo-lithography
process, the diameter of the CNT emitters were designed to be 3 μm and the distance between the
emitters was set to 15 μm. Two hundred and twenty-five CNT emitters constituted one island, and
a total of 128 (8 × 16) islands were patterned. They were grown by direct current plasma-enhanced
chemical vapor deposition for 60 min. The growth temperature was 630 ◦C, the voltage of graphite
susceptor (cathode) was −620 V, and the mesh voltage was + 320 V. Acetylene (C2H2) and ammonia
(NH3) gas were fed at rates of 20 sccm and 160 sccm, respectively, during the growth time [33,34].
After the growth, 1000 ◦C annealing was performed for 1 h in an argon gas atmosphere of 130 mTorr.

2.2. Electrical Aging Technology

Our electrical aging technique follows the schematic diagram of Figure 1. As shown in Figure 1a,
the grown CNT emitters have non-uniform height and crystallinity. The uniformity of CNT height
is difficult to control with deposition conditions. This structural issue causes a non-uniform field of
individual CNT emitters. After various trials to set the aging condition, the starting point of electrical
aging was defined as the bias where the Joule heat appeared in the overall emitter area. The Joule
heat comes from current flow through the resistive nature of the CNT emitters. Figure 1b shows that
we used the thermal energy by Joule heating as a structural modification of the emitters. Figure 1c
shows that structurally unstable parts in the CNTs were burned out by the Joule heat and the height
of the CNT emitters decreased, resulting in the homogenization of height. The heat also improved
the crystallinity of the CNTs. As shown in Figure 1d, the homogenized structure and improved
crystallinity formed a uniform field and enhance emission current, enabling stable electron emission
characteristics at the higher current level.

Figure 1. Schematic diagram of electrical aging technology. (a) Non-uniformity of height and
crystallinity before aging; (b) electrical aging with Joule heating; (c) homogenization of height and
crystallinity; (d) stable electron field emission by structural improvement.
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This process was performed in a vacuum chamber. Figure 2 shows the schematic diagram and
the digital photo image of the diode system used in the experiment. The base vacuum is 1 × 10−7

Torr and the distance between the cathode and the anode is 230 μm in the diode system. Figure 2c
shows the Joule heating by high electron emission current from the observed CNT emitter. Joule
heating images were observed with a digital single lens reflex camera (Canon, EOS-60D, Tokyo,
Japan). The electron emission characteristics were measured with a direct current (DC) power supply
(Spellman, SL 1200, Suffolk, NY, USA) and a multimeter (Agilent, 3441A, Santa Clara, CA, USA).
We analyzed the crystallinity and morphology of the CNT emitters using Raman spectroscopy (Horiba
Jobin-Yvon, LabRam ARAMIS, Kyoto, Japan) with a 514 nm excitation laser wavelength, scanning
electron microscope (Hitachi, S-4700, Tokyo, Japan). All scanning electron microscope (SEM) images
were taken with an accelerating voltage of 10 kV and a 45◦ tilt.

Figure 2. Diode system for measuring current-voltage (I-V) characteristics. (a) Schematic diagram of
diode system; (b) digital single lens reflex camera image of the diode system; (c) observed Joule heating
when the electron emission current is higher.

3. Results and Discussion

SEM images of the grown CNT field emitters are shown in Figure 3. As shown in Figure 3a, eight
islands are patterned in 16 lines. Figure 3b shows one patterned island SEM image. One island has
15 × 15 array emitters. The CNT emitter is grown vertically on the Si substrate. Figure 3c shows
that the single CNT emitter has a diameter of 3 μm and an average height of 40 μm, and unlike the
non-patterned emitters in Figure 3d, the patterned CNT emitters have a cone shape and only one CNT
at the tip.

Field emission characteristics over time during aging were associated with Joule heating.
We categorized the emission currents in relation to Joule heating. The categories we classified are
shown in Figure 4. At an emission current of 3 mA, overall Joule heating occurred and this bias was
set as the starting point of electrical aging. The eight divided lights clearly show that the Joule heating
appears in the emitter area. During 2 h of electrical aging, the emission current increased from 3 mA to
5.5 mA, and after 3 h the Joule heating disappeared completely. After aging was completed, stable
electron emission was maintained for 5 h without visible light. The Joule heating began to reappear
when the emission current increased, and the CNT emitter was damaged by the excessive Joule heating
with increased electron emission current.

SEM images of the CNT emitter damaged by excessive Joule heating are shown in Figure 5.
Figure 5a shows a number of broken emitters. Figure 5b shows the tips of one emitter that has been
damaged. The bias set position of the electrical aging is very important. Excessive Joule heating causes
damage to CNT emitters. However, at an aging current lower than the Joule heat light appeared,
the aging effect is insignificant. In order to carry out electrical aging most effectively, we set the bias
and current to those at which the Joule heating light appears in the entire emitter region as electrical
aging conditions.
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Figure 3. Scanning electron microscope (SEM) images of carbon nanotube (CNT) emitters grown by
triode direct-current plasma-enhanced chemical vapor deposition (dc-PECVD). (a) Patterned CNT
islands image; (b) magnified image of one island; (c) vertically aligned CNT emitters with cone shape
in the island; (d) non-patterned CNT.

Figure 4. Definition of electrical aging. (a) Variation of electron emission current at a higher emission
regime with time; (b) the section at which Joule heating occurs sufficiently; (c) the section at which
Joule heating is reduced; (d) the section at which Joule heating disappears completely; (e) the section
at which Joule heating reappears; (f) the section at which Joule heating increases; (g) excessive Joule
heating that can cause damage to the CNT emitters.

 

Figure 5. (a) Damaged CNT emitters by excessive Joule heating; (b) tip of a structurally modified emitter.

We were able to confirm the decrease in the turn-on field and the increase in the emission current
density after the post-growth treatment. Current-voltage (I-V) characteristics for each treatment are
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shown in Figure 6 and summarized in Table 1. The electron emission characteristics could improve
after annealing at 1000 ◦C. When electrical aging was completed, the current density increased to
97 mA/cm2 at the same electric field, which is 20 times higher than the current density of as-grown
CNTs. It is expected that the aging effect will cause the structural modification of the CNT emitter. So,
we compared the structural properties and crystallinity of each treatment by SEM and Raman analysis.

Figure 6. Field emission properties with treatment condition.

Table 1. Comparison of electrical properties of carbon nanotube (CNT) emitter with treatment condition.
DC–direct current.

Treatment Driving Turn on Field (V/μm) Current Density at 5.4 V/μm (mA/cm2)

As-grown 3.6 4.5
Annealed DC 3.3 48

Electrically aged 3 97

Figure 7 shows an SEM image to compare the structural features of the CNT emitters before and
after electrical aging. In Figure 7a,b, the height reduction in the weak area of the CNT emitters were
confirmed after electrical aging. A weak and unstable area of the CNT emitter burns out after aging.
The uniform height contributes to a uniform electric field formation on CNT emitters. Uniform field
formation allows individual nanotubes to emit a uniform amount of current and greatly contributes to
improved lifetime.

 

Figure 7. SEM image before and after aging. (a) CNT emitters before aging; (b) decreased CNT height
(white arrow) after aging.

Figure 8 shows the Raman spectra of patterned and non-patterned as-grown CNT emitters. A D
peak at 1350 cm–1, and a G peak at around 1580 cm–1 appeared. As shown in Figure 8, the Raman
spectrum revealed that non-patterned CNT emitters analyzed the Raman signals with several numbers
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of CNTs, but in the case of patterned CNT emitters, only one CNT emitter analyzed the Raman signals.
The resolution of the Raman spectroscopy used was ~1 μm. The Raman signal of non-patterned CNTs
showed an intensity ration of D and G band (ID/IG) ratio of 0.9 and a clear Raman signal because so
many numbers of CNTs were measured. However, the patterned CNTs showed a large distribution of
the ID/IG ratio. The variation of the G/D ratio is related to the crystallinity of each CNT. To compare
the crystalline uniformity of CNT emitters, four CNT measurements were taken and compared to
non-patterned CNT emitters with aging via Raman analysis.

Figure 8. Normalized Raman spectra of patterned and non-patterned as-grown CNT samples. Raman
spectra acquired with a 514 nm excitation laser.

Figure 9 shows the Raman spectra of patterned CNT emitters for each treatment. As shown in
Figure 9a, four sample emitters were analyzed with Raman measurement. Two out of four samples
show no Raman signal. It was found that as-grown samples had non-uniform crystallinity. Figure 9b
shows that two Raman signals of 1000 ◦C annealed CNT were measured, similar to the as-grown
patterned CNT emitters. However, the samples show a decrease in the variation of the ID/IG ratio.
We confirmed the improvement of crystallinity by a thermal energy of 1000 ◦C annealing. However,
the uniformity of the crystalline structure of the CNT emitters was insufficient by 1000 ◦C annealing.
In Figure 9c, the Raman signal appeared for all four samples, and the ID/IG ratios were similar in
all four signals. From the Raman analysis, it can be seen that the electrical aging contributes to the
crystallinity enhancement of the CNT emitter and that a more uniform crystallinity appears with the
electrical aging. This uniform structural characteristic would enable a long-term stable field emission.

Figure 9. Normalized Raman spectra of patterned (a) as-grown, (b) annealed, (c) and electrically
aged CNTs.

Figure 10 shows a comparison of the long-term stability of CNT emitters without and with
electrical aging. The emission current was measured in constant voltage mode at 30-s steps. CNT
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emitters without electrical aging showed the degradation of the electron emission current from 6 mA to
5 mA after 9 h. However, for CNT emitters with electrical aging, the electron emission current did not
degrade and a very uniform emission current was achieved. The fluctuation of the emission current
was reduced by electrical aging to 0.3% (�I = standard deviation/average current × 100). As a result,
although the crystalline property of CNTs improved after annealing at 1000 ◦C, the crystallinity of each
sample was not uniform and was insufficient for uniform long-time operation. However, the electrical
aging induced uniform structural properties and crystallinity. The uniform and strong structure of
electrically aged CNT emitter enabled stable operation even at high current emissions.

Figure 10. Comparison of stability with and without electric aging. Electrically aged emitters were
shown to be more stable.

4. Conclusions

In this study, Joule heating generated at a high current emission on resistive CNT emitters was
used to induce the self-annealing of the CNT emitters. With the thermal energy caused by Joule heating
applied to the CNT emitters, the structure of individual CNT emitters changed and resulted in uniform
emitters. In addition, owing to the elevated temperature during electron emission, we could enhance
the crystallinity of the CNT emitters. With the electrical aging technique, structurally and electrically
improved CNT emitters were made. We were able to obtain the stable long-term operation of CNT
emitters with a current density of 97 mA/cm2 for 9 h after electrical aging. If the Joule heating was
excessive, the CNT emitters were damaged. To set the electrical aging current, just before the Joule
heating light appeared was determined to be the best bias position of the current level. This electrical
aging technique represents a simple and a better post-growth treatment process for the achievement of
high-performance cold cathode CNT emitters that drive steadily, even at high current emission levels.
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Abstract: The accurate detection of NOx is an important issue, because nitrogen oxides are not
only environmental pollutants, but also harm to human health. An array composed of two carbon
nanotubes (CNTs)-based ionization sensors with different separations is proposed for NO and NO2

selective detection. The experimental results indicate that the CNTs-based ionization sensor has
an intrinsic, monotonically decreasing response to NO or NO2. The sensor with 80 μm separations
and 100 μm separations exhibited the highest sensitivity of −0.11 nA/ppm to 300 ppm NO and
−0.49 nA /ppm to 70 ppm NO2, respectively. Although the effect of the NO2 concentration on the
NO response is much stronger than that of NO on NO2, the array of these two sensors still exhibits
the ability to simultaneously detect the concentrations of NO and NO2 in a gas mixture without
component separation.

Keywords: ionization sensor array; NOx; carbon nanotube (CNT); selectivity; non-self-sustaining discharge

1. Introduction

The oxides of nitrogen, collectively termed as NOx and mainly regarding NO + NO2, are major
atmospheric pollutants. Anthropogenic emissions of NOx are mostly from coal combustion and
petroleum refining. Nitrogen oxides combine with water to form acid rain and with other pollutants to
produce photochemical smog, which can greatly damage the environment. The accurate detection
of NOx is an important issue, because the nitrogen oxides are not only environmental pollutants,
but also harm to human health. Many kinds of NOx gas sensors have been investigated in recent
years. In particular, nanostructured semiconducting metal oxides sensors [1–5] and carbon nanotubes
(CNTs)-based sensors [6–12] have attracted much more concern. Due to the adsorption or desorption of
gas molecules on the surface of metal oxides, the electrical conductivity of these sensors varies greatly
with the changes in NOx concentration. However, the metal oxides gas sensors have the limitations of
requiring high operating temperatures, and in addition, the response of those sensors largely depends
on the morphology of the metal oxides’ nanostructures [3].

A CNT, which has a large surface area to volume ratio and high electrical conductivity, can be
an ideal candidate to operate at room temperature with high sensitivity [13]. One important use for
CNTs is as a resistance sensor based on the change of electrical conductivity caused by gas adsorption
and desorption. Almost all previously reported CNTs-based NOx gas sensors are based on this
mechanism [6,14–17]. Another important application of CNTs is in a carbon nanotube field effect
transistor (CNFET), which has characteristics that are affected by gas-induced changes of contact
properties and by the doping level of the nanotube [18,19]. However, higher cross-sensitivity and
lower recovery times at room temperature are the major problems of these sensors [8,13,15]. Thus,
the improvement of selectivity and response times is the primary concern of researchers. With respect
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to selectivity, Yao et al. introduced moisture to selectively detect NO2 and SO2 [6]. The resistance of
the gas sensor decreased independent of the moisture levels in the case of NO2 and increased with SO2

exposure at a high humidity level. But whether this approach can selectively detect any other gases
has not been reported. With respect to response times, Dojin Kim et al. proposed a high-performance
conduction model for a nanostructured sensor, and they revealed that the maximum response occurs at
a diameter near the complete depletion condition [12]. The model has been experimentally proven for
a metal oxides nanostructure, but whether it is valid for carbon nanotubes requires future confirmation.

In this paper, we propose a triple-electrode ionization sensor with a CNT film cathode
(Figure 1a) for NO or NO2 detection and an array consisting of two sensors with different electrode
separations for simultaneously detecting a gas mixture of NO and NO2. The discharge of the
CNT-based triple-electrode ionization sensor has been demonstrated to be non-self-sustaining when
the appropriate extracting voltage Ue is applied [20,21]. We measure the NOX concentration with
a discharge current, which is determined by the gas concentration at a given electrode separation
and under ambient conditions based on the Townsend discharge theory [22]. We also demonstrated
that the array, which is composed of those CNT-based ionization sensors with different electrode
separations (insert of Figure 2), has the ability to directly discriminate between any different type of
gas without component separation. Here, we used the array of two sensors with 80 μm and 100 μm
separations to simultaneously detect and distinguish NO and NO2. Gas sensing experiments were
carried out at normal atmosphere and a relative humidity in the range of 21.1–21.9% RH. We also
discuss the cross-sensitivity between the two gases.

 

Figure 1. (a) Schematic diagram of the test system; (b) SEM image of the carbon nanotube (CNT) film;
and (c) Schematic of the triple-electrode sensor structure.

 

Figure 2. Schematic diagram of gas distribution and experimental testing system.
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2. Experimental Detail

2.1. Synthesis of CNT Films and Three Electrodes

For the growth of CNT films on the cathode, a piece of substrate coated with iron phthalocyanine
(FeC32N8H16) is set in a tube furnace, which was preheated to 850 ◦C/890 ◦C with Ar/H2 flow,
sequentially. Then, a quartz boat loaded with the annealed cathode was pushed into furnace, and the
growth process immediately started. At 920 ◦C, iron phthalocyanine decomposed for about 13 min
until the dark green smoke disappeared. The substrates were naturally cooled to room temperature
under Ar exposure in the furnace. Then, vertically aligned carbon nanotube (CNT) film was grown by
thermal chemical vapor deposition (TCVD) method. As can be seen from the transmission electron
microscopy (FEI, Quanta 250 FEG, Hillsboro, OR, USA) images of the samples, as shown in Figure 1b,
the CNT film is homogeneous and dense, and the length of the suspended CNTs is ~5–6 μm.

Three silicon slices in sizes of 27 mm × 8 mm × 450 μm were processed through a mask,
photolithography, dry etching, and cleaning, resulting in a cathode with two cooling holes of
4 mm diameter, the extracting electrode with one 3 mm radial round hole, and the collecting
electrode with a square blind rectangle of 8 × 6 mm2 in area and 200 μm in depth. Ti/Ni/Au
films (50 nm/125 nm/400 nm) were sputtered in sequence on both sides of the extracting electrode,
the inner side of the cathode, and the collecting electrode. Here, Ni film was used for preventing the
inter-diffusion between the Ti and Au films. The three electrodes were rapidly annealed at 450 ◦C for
about 50 s to enhance the bond strength between the substrate and the Ti/Ni/Au films (Figure 1c).
Then, vertically aligned CNT film was transferred to the inner side of cathode with the wetting transfer
method [23].

2.2. Fabrication of Sensors and Sensor Array

Polyester film, which is a good electrical insulating material due to its good insulation properties,
exceptional thermal stability, and high impedance, was used to separate the cathode, the extracting
electrode, and the collecting electrode. Polyester films with different thickness were cut to separate
the electrodes. The gap distances between the cathode and the extracting electrode and between the
extracting and the collecting electrodes were fixed as well (Figure 1a). Three electrodes with 100 μm
separations were connected with three golden wires as the three pins of the sensor; thus, the NO2

sensor was fabricated in the same way as the NO sensor device but with 80 μm separations. Hence,
the sensor array composed of these two sensors with 80 μm and 100 μm separations was finished.

2.3. Experimental Testing System

The stable voltages applied to the sensor array were supplied by power modules (NI PXI-4132, NI,
Austin, TX, USA). When the concentration of NO (NO2) varied from 0 ppm to 1120 ppm (0–220 ppm),
the collecting current was recorded by a precise digital multimeter (NI PXI-4071) controlled by
a computer via the MXI interface of the test system (Figure 2).

The gas mixture was firstly prepared by mixing with dry air in the mixture chamber and then
flowing it into the test chamber until atmospheric pressure was reached. The concentration of
NO and NO2 were controlled by three mass flow controllers (MFC, Line Tech M3030 V with 1%
accuracy, Line Tech, Inchon, Korea) with full scales of 100 mL/min for NO, 50 mL/min for NO2,
and 1000 mL/min for dry air, respectively. Before each measurement, the test chamber was heated to
60 ◦C and pumped to a vacuum of ~5 kPa into which the well-mixed gas could flow. The gas sensing
experiments were carried out at atmospheric pressure and a relative humidity of 20 ± 2% RH.

3. Results and Discussion

Because the applied extracting voltage Ue was lower than the breakdown voltage,
our triple-electrode ionization gas sensor worked in a non-self-sustaining discharge state to reduce the
damage to the CNTs caused by the electric breakdown. Thus, the non-self-sustaining discharge current
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could be used to measure the gas concentration with good stability, which had been demonstrated
using the gold nanowires anode [24,25] and the CNTs-based cathode [26,27].

The electrons, emitted from the CNT-based cathode, collided with the gas molecules to produce
more electrons and positive ions near the vicinity of the cathode, resulting in the occurrence of field
ionization. A large number of positive ions migrated to the collecting electrode as collecting current
Ic through diffusion and drift under the opposite electrical field. Based on the theory of Townsend
discharge, the collecting current Ic, as part of the discharge current, was mainly determined by electrode
separation and the first ionization coefficient α in the non-self-sustaining discharge at a given gas
temperature as follows [28],

Ic = I0eαd (1)

where I0 is the initial current, d is the electrode separation between the CNT-based cathode and the
extracting electrode, and α = APe−BP/E is determined by the applied electric field E and partial pressure
P of collision gases, because A and B are constants related to gas species and temperature. While E is
proportional to the extracting voltage Ue at constant d, P is proportional to the gas concentration ϕ at
constant gas temperature and volume. That is, the collecting current Ic is a function of the electrode
separation d, the extracting voltage Ue, the gas species, and the gas concentration ϕ. Thus, the array
composed of two sensors with different electrode separations d1 and d2 could simultaneously detect
the NO and NO2 concentration without component separation. The collecting currents Ic1 and Ic2 can
be expressed as follow:

Ic1 = f (ϕNO, ϕNO2 , d1) (2)

Ic2 = f (ϕNO, ϕNO2 , d2). (3)

By measuring the collecting currents Ic1 and Ic2, the gas concentrations ϕNO and ϕNO2 could be
detected at a constant extracting voltage Ue and the given electrode separations. That is why we can
use the sensor array to detect a gas mixture without any component separation.

The triple-electrode ionization sensors with 80 μm separations and 100 μm were are used to detect
NO and NO2, respectively (insert of Figure 3a,b). The collecting currents decreased monotonically with
the increasing of the NO and NO2 concentrations at a fixed Uc of 10 V and Ue of 150 V (Figure 3a,b).
As the NO concentration increased from 0 to 1120 ppm, the collecting current decreased from 83.3 nA
to 32.7 nA, and the sensor with 80 μm separations and 150 V extracting voltage exhibited the highest
NO sensitivity of −0.11 nA/ppm to 300 ppm NO. For NO2, the collecting current decreased from
77.3 nA to 8.7 nA with an increasing NO2 concentration from 0 to 220 ppm, and the highest sensitivity
was −0.49 nA/ppm to 70 ppm for the sensor with 100 μm separations at the 150 V extracting voltage.
Here, the sensitivity S is defined as the ratio of the variation of the collecting current Δy and the
variation of gas concentration Δx.

 

Figure 3. (a) NO response of the CNTs-based ionization sensor with 80 μm electrode separations and
(b) NO2 response of the sensor with 100 μm separations at Ue = 150 V and Uc = 10 V.
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Cross-sensitivity is a key problem in the practical application of gas selective detecting. Figure 4a,b
show the response of each sensor in the array to the mixture of NO and NO2, respectively. The collecting
current was reduced dramatically from 19.31 nA to 9.02 nA to 300 ppm NO with the NO2 concentration
increasing from 70 ppm to 220 ppm (Figure 4a). The average variation of the collecting current for each
NO concentration was about 10 nA and as high as half of its response. In other words, the CNTs-based
ionization sensor with 80 μm separations could detect the concentration of NO very well no matter
how the NO2 concentration in the gas mixture changed. While for NO2, the minimum variation in
the collecting current was also nearly 400 pA and occurred at 220 ppm when the concentration of NO
in the gas mixture changed (Figure 4b). Accordingly, the ionization sensor with 100 μm separations
still had the ability to detect NO2 accurately in the gas mixture even though the effect of the NO
concentration on the NO2 response was weaker (insert in Figure 4b).

Figure 4. Simultaneous detection of NO and NO2 in a gas mixture using a sensor array with 80 μm
and 100 μm separations at 150 V Ue and 10 V Uc, respectively. The collecting currents decreased with
increasing (a) NO and (b) NO2 concentrations in dry air.

In addition, all the NO response curves show almost the same shape at different NO2

concentrations (Figure 4a), and the same is true for NO2 (Figure 4b). This indicates that each sensor
had intrinsic gas sensing properties. Moreover, the array was thought to show a good repeatability
without considering the variation of the collecting current caused by changes in the concentrations of
interference components. This was attributed to the good stability of the sensor due to the long life of
the CNTs.

4. Conclusions

The non-self-sustaining discharge of the triple-electrode CNTs-based sensor makes it possible
to measure gas concentration with the non-self-sustaining discharge current with good stability.
The array of these sensors shows a monotonically decreasing response to NOX. The NO sensor with
80 μm separations and the NO2 sensor with 100 μm separations exhibited the highest sensitivity
−0.11 nA/ppm to 300 ppm NO and −0.49 nA/ppm to 70 ppm NO2, respectively. The maximum
variation in the collecting current of the NO sensor is about 10 nA, when the concentration of
NO2 in mixture is changed, while the minimum variation of the NO2 sensor is also about 400 pA.
Although NO2 had a stronger effect on NO than that of NO on NO2, the array of these two CNTs-based
ionization sensors still has the ability to simultaneously detect the concentrations of NO2 and NO in
a gas mixture without component separation. In addition, the response shape of each sensor is almost
the same. This indicates that the array has intrinsic gas sensing properties and good stability.
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