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Transparent conducting electrodes (TCE) are extensively applied in a great range of optoelectronic and photovoltaic equipment
(e.g., solar cells, touch panels, and flexible devices). Carbon-based nanomaterials are considered as suitable replacements to
substitute traditional materials to manufacture TCE due to their remarkable characteristics, for example, high optical transmittance
and outstanding electrical properties. In comparison with traditional indium tin oxide electrodes, carbon-based electrodes show
good mechanical properties, chemical stability, and low cost. Nevertheless, major issues related to the development of good quality
manufacture methods to produce carbon-based nanomaterials have to be overcome to meet massive market requirements. Hence,
the development of alternative TCE materials as well as appropriate large production techniques that meet the requirements of
a proper sheet resistance along with a high optical transparency is a priority. Therefore, in this work, we summarize and discuss
novel production and synthesis methods, chemical treatments, and hybrid materials developed to satisfy the worldwide request for

carbon-based nanomaterials.

1. Introduction

Carbon-based nanomaterials [i.e., carbon nanotubes (CNT)
and graphene] show excellent physical and electrical char-
acteristics, including an elevated conductivity and mobility
[1-3]. Due to their high optical transmittance this type of
materials is particularly appealing to be used as transparent
conducting electrodes (TCE) in photovoltaic and display
applications. Up until now, ITO (indium tin oxide) is the most
used TCE material in organic electronic devices. ITO is a
transparent material that exhibits remarkable optoelectronic
properties, high transmittance (90%), and sheet resistance of
~10 Q/sq. Nevertheless, it presents some major drawbacks,

including high costs, scarcity of indium, and brittleness, mak-
ing it impossible to adapt to future applications. Additionally,
ITO presents a relatively high refraction index (~2.0) that
could produce unwanted reflections if it is used on a substrate
with lower refraction index [4-7]. As a consequence, the
development of alternative TCE materials that fulfill the main
requirements of a high optical transparency and a proper
sheet resistance is a priority [8]. Graphene and CNT films
represent suitable alternatives to substitute ITO and meet the

required specifications to be used as TCE [9-11].
Therefore, the present review is intended to summarize

and analyze the different synthesis and production methods,
as well as the new carbon-based nanomaterials developed in
order to satisfy the requirements for the fabrication of TCE.
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FIGURE 1: SEM micrograph of GO.

2. Graphene and Graphene Derivatives

Graphene, a carbon monolayer with two-dimensional hon-
eycomb lattice structure, presents a great aspect ratio and
outstanding properties (e.g., high optical transmittance, elec-
trical conductivity and mechanical strength). Consequently,
graphene seems to be a suitable alternative to replace oxide-
based materials used as TCE in devices such as flexible
displays, solar cells, and electronic equipment. However,
massive use of graphene still faces major problems, for
example, scale-up production and quality issues derived
from manufacturing techniques, as well as inconveniences
regarding transfer stage, which actually represents a major
drawback in order to obtain an efficient electrode. To produce
large-area graphene based TCE, the first goal is to generate
enough high quality graphene sheets. However, it is well
known that in this moment there is not a proper method to
obtain abundant high-quality graphene. In addition, the use
of graphene as an electrode demands an insulator substrate.
Therefore, once graphene is synthesized, it is necessary to
transfer it onto other proper substrates making the process
more complex [4, 12-16].

Up until now, the most used technique to produce trans-
parent conductive graphene films is CVD. In this method,
a graphene film is commonly grown on a catalytic surface
before being transferred to a final substrate in a separate
procedure [17-19]. A critical stage in the study of the basic
characteristics and practical uses of graphene includes such
transfer procedure of graphene from a metal substrate to
a desired target substrate without affecting the quality of
the material [20]. Once graphene film is transferred onto a
target substrate, it may be used as a transparent conducting
electrode in a variety of flexible devices [21-23]. Other major
inconveniences regarding the use of CVD-obtained graphene
as transparent electrode are related to its high sheet resistance
(compared to ITO-based electrodes), the difficulty to regulate
the film thickness, and avoiding the generation of secondary
crystals [14, 20, 24, 25].

Graphene oxide (GO), a graphene derivative, has also
become an important material for the fabrication of TCE. GO
(Figure 1) dispersions can be easily processed and deposited
on different types of substrates to produce TCE [26, 27].
To reinstate the intrinsic high electrical conductivity of
graphene, GO needs to be reduced either in solution or after
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the films are formed on a particular substrate. Significant
research has been performed regarding reduction techniques
to restore sp> carbon structure and consequently to increase
electrical conductivity [28-30]. GO reduction techniques
offer the possibility to obtain good-quality nanomaterials
for TCE at low cost and appropriate for mass production
[31]. Therefore, the use of GO constitutes a viable option to
fabricate TCE.

Regarding the critical transfer stage of graphene films,
various groups have proposed different and novel techniques
to solve this issue. For example, Cai et al. [4] investigated
a crackles transfer technique without the removal of the
polymeric carrier, making it possible to successfully transfer
graphene and give a place to a material with a sheet resistance
of 219 Q)/sq at 96.5% transmittance. In this work, graphene
films were grown by a low-pressure CVD system on a
transparent polymer used as substrate. Thus, such polymer
did not need to be removed and the graphene film was
not damaged during the process. Graphene film produced
using this method showed a conductivity 5 times higher
than that of undoped graphene films produced considering
transfer with polymer removal. Chandrashekar et al. [32]
also reported on the transfer of graphene films from Cu foil
onto polymeric substrate by means of a delamination process
to reduce the damage produced by the carrier elimination.
Novel methods have also been proposed; for example, Bae
et al. [33] reported on a novel roll to roll technique and wet
chemical transfer doping of 30-inch graphene films grown by
CVD onto copper substrates. The as-produced films showed
sheet resistances as low as approximately 125 Q/sq with 97.4%
optical transmittance and exhibited the half-integer quantum
Hall effect, indicating their high quality.

With respect to large-scale fabrication, different tech-
niques have been reported. For example electrochemical
synthesis, which is known to be able to exfoliate graphene.
By means of voltage control, the thickness, flake area, and
the number of defects of the material can be manipulated
[34]. Gee et al. [12] synthesized graphene through electro-
chemical exfoliation (EE) using graphite as starting material.
Graphene was used to produce high quality bilayer films that
showed a sheet resistance of 1.35 x 10° Q/sq with 70% light
transmittance. Transparent films also proved to be bendable
while maintaining electrical properties under deformation
conditions. The resistance of the films could be consider-
ably decreased by a posttreatment, such as thermal and/or
chemical reduction. Kim et al. [35] described a technique
to modify graphene via a simple, solvent-free, and eflicient
electrobeam irradiation using a CVD-prepared graphene.
Results demonstrated that the graphene was successfully
modified, resulting in an increase in its sheet resistance and
work function. Graphene irradiated during 5s exhibited the
highest power conversion efficiency (i.e., 2.76%), which was
much better than that obtained when using nonirradiated
graphene. Lee and Ki [36] reported on a simple and fully scal-
able laser-based method for fabricating large-scale, graphene-
based transparent conductive films with customizable sheet
resistance on glass substrates using amorphous carbon as
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the carbon source. In this method, a diamond-like carbon
(DLC) was deposited on a glass substrate by pulsed laser
deposition; then it was annealed in a helium shielding
environment by a 2kW continuous-wave fiber laser with a
wavelength of 1070 nm. DLC film, originally black, became
transparent, and its transparency degree was found to depend
on the process parameters. It was possible to obtain films
with a sheet resistance value as low as ~2050 Q/sq at 80%
transparency from a 510 nm thick DLC film. Chen et al.
[37] reported on a technique to obtain both transparent and
stretchable graphene sheets for energy storage devices. The
resultant wrinkled graphene sheets were able to be used
as both current collector and electrode materials to build
transparent and stretchable supercapacitors, which showed
a high transparency (57% at 550 nm) and can be stretched
up to 40% strain without obvious performance change over
hundreds of stretching cycles.

As it was previously mentioned, reduction of GO offers
the possibility to produce good-quality materials for TCE at
low cost and suitable for mass production. Regarding this
process, different routes have been reported, for example,
thermal reduction of GO, which is a useful technique to
produce graphene-based materials and devices [38]. Based
on this technique, Kim et al. [39] presented a new procedure
to obtain flexible transparent conductive graphene films;
such a method consisted of two stages: a solution-processed
chemical reduction and an anodized aluminum oxide (AAO)
membrane filter-assisted thermal reduction. The final trans-
parent graphene films produced by this technique showed
a sheet resistance of less than 850 Q/sq with 80% trans-
mittance under visible light irradiation (540 to 840 nm).
Sheet resistance was much lower than that of graphene films
obtained from solution-processed approaches. Nguyen et
al. [40] reported on an easy and nonharmful technique to
obtain reduced graphene oxide (RGO) thin films on glass
substrate at room temperature using a nontoxic solvent and
RGO colloidal suspensions. RGO suspensions were deposited
on simple and plasma treated glass substrates by drop
casting. According to the results the transmittance and the
conductivity of the films showed a linear relationship with
the thickness of the deposited films. Plasma treatment was
found to increase the conductivity when compared to the
nontreated glass. Finally, Cote et al. [41] proved that it is
possible to obtain stable monolayers of graphite oxide single
layers without the need for any surfactant or stabilizing
agent, due to the strong electrostatic repulsion between the
2D confined layers, which also prevented the single layers
from overlapping during compression, leading to excellent
reversibility of the monolayers. Monolayers were then trans-
ferred to a substrate, readily creating a large area of flat
graphite oxide single layers. Graphite oxide monolayers could
be chemically reduced to graphene for electronic applications
such as transparent conducting films. Results indicated that
the RGO films exhibited high electrical conductivities at both
room and cryogenic temperatures.

Using spin coating, which is one of the most used
techniques employed to deposit uniform films on a sub-
strate [42], Yun et al. [43] investigated the morphological,
optical, and electrical properties of films obtained using a

RGO solution. Spin-coated RGO thin films showed a highly
uniform morphology with thickness controllability. Addi-
tionally, sheet resistance was efficiently decreased from ~10°
to 10 kQ)/sq by the combination of controlled coating cycles
and annealing conditions while conserving the transmittance
values between 57 and 87%. Synthesized films were tested
in organic photovoltaic cells; the performance of the devices
was gradually increased as the sheet resistance decreased and
the highest efficiency was of 0.33% and it was obtained using
200°C-annealed and 7-times coated RGO film. Eda et al. [44]
described an easy and reproducible technique to uniformly
deposit between one and five layers of graphene from RGO
in the form of thin films to create transistors and proof-
of-concept electrodes for organic photovoltaics. Since it was
possible to obtain monolayer and multilayer (5 layers) mate-
rials using this technique, the optoelectronic properties could
be modified over several orders of magnitude. Thicknesses
of the produced films were found to vary from 1 to 5nm.
Results showed that the thinnest films exhibited graphene-
like ambipolar transistor characteristics, while thicker films
showed graphite-like-semi-metals properties.

In addition, Kim et al. [45] built a transparent and
flexible graphene charge-trap memory consisting of a single
layer graphene channel and a 3-dimensional gate stack using
a polyethylene naphtalate substrate. The device exhibited
a transparency of ~80% in the visible wavelength. Wang
et al. [46] reported on the use of transparent, conductive,
and ultrathin graphene films as electrodes for Gratzel solar
cells. Exfoliated graphite oxide-based electrodes exhibited
a high conductivity of 550S/cm and a transparency of
~70% over 1000-3000 nm and remarkable chemical and
thermal stabilities. And Liu et al. [47] reported on the
use of a single-layer graphene film as the top electrode of
semitransparent organic solar cells. The conductance of
the graphene film was increased for more than 400% when
it was doped with Au nanoparticles and poly(3,4-ethyl-
enedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS),
doping also improved the performance of the photovoltaic
device. Maximum efficiency was achieved in the devices with
the area of 20 mm? illuminated from graphene electrode
under an AM 1.5 solar simulator. It is important to remark
that all of the devices showed higher efficiency from the
graphene than ITO side, which was attributed to the
better transmittance of the graphene electrodes. It would
be expectable that higher efficiencies could be reached
using higher quality single-layer graphene and improved
processing conditions.

Finally, the Langmuir-Blodgett (L-B) method, a sophis-
ticated technique to manipulate the interfacial molecular
orientation and packing, which allows obtaining tailored
patterned structures on solid substrates [48] was also tested.
Based on this technique, Zheng et al. [49] synthesized
monolayer ultra-large graphene oxide (UL-GO) sheets with
diameter up to about 100 ym using a chemical method.
Transparent conductive films were then produced using
the UL-GO sheets that were deposited on a substrate by
the L-B assembly technique, which is an easy, low cost,
and tunable technique used for mass production. The films



fabricated from UL-GO sheets with a closed-packed flat
structure exhibited remarkable high electrical conductivity
and transparency after thermal reduction. A sheet resistance
of 605 /sq at 86% transparency was obtained, which is better
than those of graphene films prepared by CVD.

2.1. Hybrid Materials. Hybrid materials constitute an impor-
tant branch of materials science; this class of materials
offers the possibility to take advantage of the properties
of their components in order to produce composites with
remarkable characteristics. Combining graphene with other
type of materials such as polymers and other carbon-based
nanomaterials has produced composites with better proper-
ties than traditional TCE materials. Ji et al. [50] prepared
a highly concentrated graphene (G) dispersion assisted by
sulfonated carbon nanotubes (SCNT) to be used as trans-
parent conductive electrode. The interconnected network
conductive coating (G:SCNT) showed better transmittance
and conductivity compared to commercial PET/ITO films.
Additionally, it showed excellent mechanical flexibility and
durability under bending cycles. Ma et al. [51] prepared
a sugar derived carbon/graphene composite material by
mixing glucose and graphene oxide using ultrasonication
and calcination. The incorporation of sugar-derived carbon
into graphene layers not only prevented the agglomeration
of graphene sheets, but also improved electrolyte-electrode
accessibility as well as electrode conductivity. This composite
material exhibited a high specific capacitance (273 F/g at a
current density of 0.5 A/g) as well as excellent electrochemical
stability. Due to this remarkable performance, it is a promis-
ing material to be used as an efficient electrode based on
environmentally friendly materials and low fabrication cost.
Mahala et al. [52] reported on the design and characteri-
zation of solar cells using exfoliated graphene:PEDOT:PSS
and PEDOT:PSS:RGO as transparent and current spreading
electrode (TCSE). Results indicate that graphene/conducting
polymer composites showed a great potential to be used
as TCSE. Voronin et al. [53] demonstrated the possibility
to create a stable hybrid coating based on the hybrid of a
reduced graphene oxide (RGO)/Ag quasi-periodic mesh. The
proposed method presents main advantages such as low cost
of the processes and the technology scalability. The AG q-
mesh was formed via magnetron sputtering of silver, and
the protective RGO film was formed by low temperature
reduction of a graphene oxide film, applied by spray depo-
sition in a solution of NaBH,. Coatings showed a low sheet
resistance (12.3 Q)/sq), a high optical transparency (82.2%),
and a high chemical stability in addition to high stability to
deformation impacts. Finally, Yu and Dai [54] reported the
obtention of positively charged RGO sheets using hydrazine
to reduce GO, and polyethyleneimine (PEI) as stabilizer.
PEI-modified RGO films were sequentially self-assembled
along with negatively charged acid-oxidized MWCNT. The
resultant hybrid material could be used to fabricate large-
area multicomponent films with a well-defined architecture
and tunable thickness on different substrates, suitable for
electrochemical applications.
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FIGURE 2: SEM micrograph of carbon nanotubes.

3. Carbon Nanotubes

Carbon nanotubes (Figure 2) can be described as sheets of
graphene arranged in cylindrical shape and exist as both
single-walled carbon nanotubes (SWCNT) and multiwalled
carbon nanotubes (MWCNT) [66]. Due to their flexibility,
high optical transparency, and conductivity, carbon nan-
otubes films have been considered an ideal candidate for
applications in optoelectronics. The most important asset of
CNT over ITO is their ability to be produced on flexible
substrates. Although CNT show a great potential to substitute
ITO in optoelectronic applications, there are still a lot of
issues that need to be solved to allow the widespread use
of this technology. At the present time, there are different
options to fabricate flexible conductive electrodes based on
CNT, such as direct deposition using spin coating, spraying
or incubation, and deposition by vacuum filtration, as well
as different indirect methods, including bar coating, dip
coating, and inkjet printing. However, these methods show a
major common problem, that is, the weak adhesion between
the substrates and CNT [5, 67-71].

3.1. SWCNT. SWCNT electrodes present remarkable advan-
tages compared to other typical materials used as electrodes.
SWCNT show better electrochromic properties, a wider
potential window than ITO, and are more resistant to acids.
An important step towards a widespread use of SWCNT
optically transparent electrodes is to develop easy techniques
to produce stable electrodes with well-controlled properties.
Therefore, different routes have been proposed in order to
meet such aim [72, 73]. For example, Wu et al. [11] described
a simple process for the production of ultrathin, transparent,
optically homogenous, electrically conducting films of pure
SWCNT and the transfer of those films to different substrates.
For equivalent sheet resistance, the films exhibited optical
transmittance comparable to that of commercial ITO in
the visible spectrum, but far superior transmittance in the
infrared spectral band. Garoz-Ruiz et al. [72] presented a
simple method using a CVD reactor for the fabrication of
optically transparent electrodes using SWCNT using organic
solvents. Authors found that transparency and conductivity
of the electrodes depended on the SWCNT concentration
and filtered volume. Thus, to maximize such parameters it is
extremely important to optimize fabrication conditions.
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Via spin coating Jo et al. [55] synthesized SWCNT
using an oligothiophene-terminated poly(ethylene glycol)
as nonionic amphiphilic surfactant. Due to the absence of
charge repulsion between SWCNT/surfactant, a successful
formation of a dense network of SWCNT was achieved. The
sheet resistance of SWCNT was improved when treated with
nitric acid and thionyl chloride after being cleaned with
dichloromethane and water. Final sheet resistance was of
59 O)/sq, and a transparency of 71% at 550 nm was registered
for the synthesized SWCNT.

Zhang et al. [56] prepared transparent conducting
SWCNT films on both glass and polyethylene terephthalate
(PET) using SWCNT dispersed by Nafion in water/ethanol
with different ratios. It was found that films obtained at
a 50:50 ratio exhibited the best performance, showing a
sheet resistance of 500-600 )/sq at transmittance of 85%
and the best thermal stability at 60°C with change of sheet
resistance less than 2% in 200 h. The performance of such
films was attributed to a small bundle size of SWCNT and the
conductivity and thermal stability of Nafion. Jung et al. [74]
produced a conductive thin film from a dispersion containing
SWCNT, sodium dodecylbenzenesulfonate (NaDDBS), and
a fluorosurfactant to reduce the surface tension, preventing
agglomeration and improving the quality of the CNT films.

For some applications flexibility is preferred over trans-
parency. Therefore, some research groups have focused on
such feature. One way to achieve this goal is employing flex-
ible substrates. Ferrer-Anglada et al. [57] prepared SWCNT
transparent films using a flexible silicone as substrate by a
simple spray method. Optical absorption and electrical con-
ductivity were determined, for samples showing 65% to 85%
optical transmittance and a sheet resistance of 1 to 8.5 k()/sq.
When a thicker film of SWCNT was used, electrical resistance
as low as 200 Q/sq was registered. Jung et al. [75] constructed
mechanically flexible and optically transparent thin film
solid state supercapacitors assembling nanoengineered car-
bon electrodes. Carbon films were transparent and showed a
transmittance of 71% at 550 nm, and the fabricated solid-state
supercapacitor devices were also optically transparent and
mechanically flexible. In addition, a simple and reproducible
method to produce SWCNT optical transparent electrodes
for optical transmission spectroelectrochemistry on flexible
PET supports was reported by Heras et al. [73]. SWCNT
were grown by aerosol chemical vapor deposition which can
be considered as a dry, surfactant-assisted free alternative to
vacuum filtration deposition. Using this technique, it was
possible to prepare electrodes with different transparency
and sheet resistance by simply modifying the collection time.
Results indicated that the transparent electrodes showed a
high transparency (up to 92% transmittance at 550 nm) and
excellent electrochemical properties.

Finally, Rowell et al. [58] fabricated transparent con-
ducting electrodes by printing films of SWCNT networks
on plastic using commercially available SWCNT produced
by arc-discharge. It was demonstrated that it is possible to
use SWCNT as transparent electrodes for efficient, flexible
polymer-fullerene bulk heterojunction solar cells. Relatively
smooth and homogeneous films presented a transmittance
of 85% at 550 nm and a sheet resistance of 200 )/sq. Cells

were fabricated on the SWCNT/plastic anodes identically to
a process optimized for ITO/glass. Results showed that it was
possible to obtain efficiencies of 2.5%, which are close to those
using ITO/glass (3%).

3.2. MWCNT. MWCNT, which are known to show excellent
characteristics such as large surface area, high conductivity,
and good chemical stability due to their structural proper-
ties, have also been used to produce TCE using different
manufacturing techniques. For example, Aloui et al. [5]
prepared flexible electrodes using PET as substrate. CNT
were prepared in an ultrasonic bath using sodium dodecyl
sulfate (SDS) aqueous solutions of carbon nanotubes. The
performances of thin conductive films were evaluated using
varying filtration concentrations. Their optimum result was
achieved with a concentration of 1.2 mg/mL; at this concen-
tration, the sheet resistance was of 180 Q/sq with an optical
transparency of about 81% at 550 nm. The optoelectronic
performance of carbon nanotubes depended on the prepara-
tion technique and on the I /I, ratio. Authors also obtained
flexible conductive electrodes having the following structure:
PET-MWCNTs/P3HT:PC70BM/Al to be used as organic
diodes, and overall results demonstrated that it is possible
to successfully integrate such electrodes in organic devices.
Kim et al. [59] developed semitransparent n-i-p organic solar
cells (OSC) with free-standing MWCNT sheets as transpar-
ent electrodes. OSC using MWCNT top anode electrodes
showed very low leakage currents, high fill factors (up to
60%) and promising efficiencies (up to 1.5%), transparencies,
and long-term stability. MWCNT sheets produced by CVD
showed a sheet resistance ~250 )/sq and a transparency ~
38% (at 550 nm). Griiner [9] obtained a two-dimensional
transparent film based on carbon nanotubes with remarkable
electrical, optical, mechanical, and environmental resistance
properties suitable for a variety of emerging technologies
ranging from macroelectronics to solid state lighting, organic
solar cells, and smart fabrics. Williams et al. [76] used
transparent carbon nanotube sheets as the hole-injecting
anode of organic light emitting diodes. The as-fabricated
devices showed a brightness of 4500 cd/m* and a current
efficiency of ~2.5cd/A, which is similar to the efficiency of
a device using ITO as the anode. According to the results, it
was demonstrated that in order to achieve a high efficiency
a proper planarization of the electrode using PEDOT:PSS is
mandatory. Results also indicate that increasing conductivity
of the carbon sheets could lead to CNT-based devices with
efficiencies exceeding those of devices employing ITO.

3.3. Aligned Carbon Nanotubes. An aligned carbon nanotube
array is a type of vertically aligned material that can be
transformed into films, fibers, and yarns by means of different
processes (e.g., extrusion, spinning, and twisting), showing
unique mechanical, electrical, thermal, and electrochemical
properties. Specifically, the synthesized films show high
transparency and elevated conductivity. On the other hand,
among the different types of CNT yarns, dry-spun materi-
als have showed the best mechanical properties (i.e., high



mechanical strength, tenacity, and resistance to abrasion)
(77, 78].

Regarding its applications, it was first reported that twist-
less yarn drawn from carbon nanotube forest could be used
as an incandescent lamp filament [79]. Due to its remarkable
mechanical properties, many applications of CNT films and
yarns, which take advantage of such features, have been
explored so far (e.g., as materials with a high mechanical
performance and as reinforcement in structured composites).
Nevertheless, some researchers have demonstrated its use
in the field of optoelectronic and photovoltaic devices since
yarns present very appealing optical features such as high
light transmission and good conductivity [78]. For example,
Lima et al. [80] proved that the presence of CNT yarn
optimizes light absorption when used as a substrate for TiO,.

Additionally, vertically aligned CNT (VACNT) forests
have been tested as counter electrodes in Gratzel cells. Grow-
ing VACNT directly on the substrate is the most efficient
technique since it produces a highly dense surface area of
CNT directly attached to the substrate, showing an elevated
electrical contact [81]. Anwar et al. [81] reported on the
use of different substrates to growth VACTN to be used in
Gratzel devices. One of the main drawbacks regarding the
growth of VACTN are the high temperatures and severe
atmospheres involved in the process, which represents a
serious problem since the more commonly used substrates do
not stand such hard processing conditions. Results indicated
that aluminum and stainless steel could be used for CNT
growth. However, the performance of the final device does
not seem to be better than that of a traditional cell using
Pt as counter electrode. In the same way, Nam et al. [82]
reported on the use of aligned CNT as counter electrode
in Gratzel cells, achieving efficiencies of over 10% due to a
large and highly conductive surface area generated by well-
aligned CNT. The CNT-deposited electrode showed higher
photo-conversion efficiency when compared to traditional Pt
counter electrodes.

Aligned CNT have also been used in composite materials
for photovoltaic applications. For example, Choi et al. [83]
employed a graphene-based MWCNT structure as counter
electrode in a Gratzel device. Vertically grown MWCNT
were synthesized onto graphene layers by CVD. According to
electrochemical results, charge transfer using composites was
higher than that registered for devices using single MWCNT
or graphene electrode.

The future use of this type of materials depends on the
ability to overcome current issues such as its scale-up to meet
industrial demands and achieve size control [78].

3.4. Chemical Pretreatments. Pretreatment of CNT as well
as surface modification processes to pretreat polymeric sub-
strates can also modify the properties of CNT used as flexible
transparent electrodes [60, 67, 84], for example, corona
pretreatment, a commercially useful technique of surface
modification of plastic substrate that can be carried out at
room conditions [68].

In this regard, Han et al. [67] reported the effect of corona-
treated PET substrates on the properties of CNT deposited
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via spray coating on such polymer. According to their results,
the surface roughness of the PET substrates was significantly
increased as well as the surface energies. On the other hand,
the contact angle increased and decreased depending on
nature of the liquid used to run the test, indicating that the
chemical properties of the substrate were changed. Park et
al. [60] reported on the effects of sonificator and process
time on the properties of CNT films obtained through spray
coating using PET as substrate. Authors reported that films
produced after ten cycles of spray coating presented the best
performance showing a transmittance of 81% and a sheet
resistance of 310 )/sq. Additionally, Han et al. [68] studied
the effects of the surface modification via corona treatment
of PET substrates before the deposition of CNT varying
the corona energies (from 149 kJ/m? to 5263kJ/m?*), PET
feeding directions, and number of corona treatments (1 to 4).
Results based on the measurements of the changes in surface
roughness, contact angles, and surface energies, indicated
that as the number of treatments of the PET substrates
increased, the water-based contact angles were found to be
decreased, leading to an increase in the polar components
of the surface energies, while diiodomethane-based contact
angles increased, causing a decrement in the dispersive
components of the surface energies, indicating the change in
the chemical characteristics of the substrates and improving
the adhesion of the CNT after corona pretreatment.

3.5. Carbon Nanosheets. Na et al. [85] demonstrated that
pitch-converted carbon nanosheets (CNS) films can be used
as TCE for OSC. A solution processed CNS film was pre-
pared with spin coating using a pitch solution dissolved in
dimethylformamide on quartz substrates, followed by stabi-
lization and carbonization treatments to convert the pitch
into CNS. CNS films were used as anode in OSC. Fabricated
devices exhibited a high power conversion efficiency of ~1.7%
under 100 "W cm ™2 illumination and AM 1.5G conditions.
Results indicated that the thickness of CNS could be easily
varied with the pitch concentration control.

3.6. Hybrid Materials. Graphene and CNT share an impor-
tant number of structural and physical characteristics. Thus,
it would be expected that their hybridization would give place
to synergetic effects in optical and electrical properties [86].
Therefore, some groups have investigated on the properties
of such hybrid films although until now very limited work
has been reported. Souza et al. [61] prepared different types
of thin films based on reduced graphene oxide and CNT
using a liquid-liquid interfacial technique and deposited
over two different substrates (i.e., glass and polyethylene
terephthalate, PET). Three types of CNT were used without
further purification: MWCNT with average diameter of
9.5 nm and average length of 1.5 ym, MWCNT with average
diameter varying between 0.8 to 1.2 nm and average length
between 100-1000 m, and MWCNT with average diameter
of 40 nm and average length between 1-25 ym. The reduced
graphene oxide was synthesized by modified Hummers
method. To evaluate the potential of the as-prepared films,
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sheet resistance, morphology, transmittance, and electro-
chemical measurements were analyzed. Results indicated that
all transparent-flexible films could be successfully used as
electrodes, presenting optimized sheet resistances ranging
from 1.7 to 50k()/sq and transmittances at 550 nm up to
85%. Yadav et al. [87] reported on a simple, facile, low
cost effective vacuum filtration technique to obtain hybrid
graphene/MWCNT films to be used as transparent electrodes
for optoelectronic devices. Obtained films can be transferred
on any substrate by placing the membrane into deionized
water for self-releasing of the film from the filter membrane;
such a transfer process has nearly yielded a 100% effectiveness
independent of the substrate. Graphene/WMCNT played
an important role in synthesizing a transferrable film. The
prepared films showed a transmittance up to 87.3 + 1% at
550 nm, 87.9 + 1% at 800 nm and sheet resistance of 136 +
22.4Q/sq. Zhou et al. [62] proposed a technique to achieve
an efficient and stable nanotube-nanotube interconnection to
translate the remarkable properties of individual CNT to two-
dimensional networks using copper-halide crystallites. Crys-
tallites worked as interconnecting modes when located at the
cross points of CNT-CNT network. The presence of such
dopant greatly improved the electrical conductivity of CNT
films. Single-walled CNT were synthesized via enhanced
direct injection pyrolytic synthesis method. Results indicated
that CNT-halide hybrid films showed a sheet resistance of 55-
65 and 90-100 Q)/sq at 85% and 90% optical transmittance
at 550 nm, respectively. Li et al. [63] fabricated composite
thin films made of a carbon nanotube network patched with
graphene sheets, assembled by a solid-phase layer-stacking
approach with ethanol wetting. Composite films showed to
be highly flexible, transparent, and conductive, with a sheet
resistance of 735 Q/sq at 90% transmittance at 550 nm. Under
AM 1.5 illumination, heterojuncton solar cells made from
the composite films and n-type silicon showed a power con-
version efficiency >5.2%. Battumur et al. [88] reported on a
simple technique to produce MWCNT/graphene composites
employing doctor-blade method and the performance of
these hybrid materials used as electrode in dye-sensitized
devices. The electrode composed of 60% MWCNT and
40% graphene showed the higher conversion efficiency (i.e.,
4%) under illumination (100 mW/cm), which is comparable
registered using a Pt counter electrode.

Hybridization of graphene with other conducting mate-
rials such as metallic nanostructures, polymers, and grids
allows the reduction of the structural defects of graphene
without losing its high transparency [89]. In a general
manner the use of polymers to produce carbon-based
composites contributes to cost reduction. Specifically, the
properties of each polymer contribute to modify the final
properties of the composite, for example, polypyrrole, an
organic polymer with good catalytic activity for I reduction,
high conductivity, and stability in the presence of liquid
electrolytes. In their work, Gemeiner et al. [90] synthe-
sized polypyrrole-coated-MWCNT structures via a three-
step oxidative polymerization to be used as counter electrode
in Gratzel devices. Compared to pristine polypyrrole elec-
trodes, the presence of MWCNT improves charge transport,

enhancing catalytic activity and consequently the perfor-
mance of the final device. Other polymers such as polyani-
line, poly methyl-methacrylate, polyvinylpyrrolidone, and
PEDOT:PSS have also been tested. Ge et al. [91] produced
transparent and flexible supercapacitors assembled from
polyaniline (PANI)/SWCNT thin film electrodes. Ultrathin,
optically homogeneous, transparent, and electrically con-
ducting films showed a large specific capacitance due to
combined double-layer capacitance and pseudo-capacitance
mechanisms. Devices built using such electrodes gave a
specific capacitance of 55.0 F/g at a current density of 2.6 A/g,
showing its viability for transparent and flexible. Jakubowska
et al. [92] produced conductive and optically transparent
poly methyl-methacrylate (PMMA) CNT films via screen
printing to be used in the production of printed electronic
paper. The obtained PMMA-CNT composites successfully
sustained heavy mechanical stress or environmental factors
such as periodical rapid temperature changes. Kim et al.
[64] provided information regarding hybrid-type transparent
electrodes fabricated depositing CNT on glass substrates via
spray coating and then depositing thin PEDOT:PSS films
on the CNT via spin coating that possess characteristics
for touch screen panels. Experimental results showed CNT
electrodes could satisfy the requirements necessary for touch
screen panels such as a sheet resistance 100 2/sq and visible
transmittance higher than 80% and a neutral color (i.e.,
yellow approaching to zero). Yun et al. [89] reported on
a highly efficient and bending durable all-carbon compos-
ite that employs uniform CNT networks on a monolayer
graphene/polyethylene. Graphene was synthesized using a
conventional CVD process. To keep the transparency and
the flexibility of graphene, PET was introduced as substrate.
CNT deposition was performed via spray deposition and
spin coating. The aggregation of CNT was avoided using a
heating temperature of 120°C during spray coating. It was
possible to obtain a free-standing CNT/graphene assembly,
making it possible to transfer the carbon-based material to a
target substrate. The sheet resistance of the composite (CNT-
4 mL/graphene/PET) was increased a 6% from its original
value at a bending radius of 2.7 mm, while that of the
pristine graphene/PET increased 237%. On the other hand,
mechanical bending of the composite worsened the electrical
performance by only ~1.7% after 2000 bending cycles at a
bending radius of 2.5 mm. Kim et al. [65] fabricated hybrid-
type electrodes based on PEDOT:PSS:CNT via either spin
coating or electrophoretic deposition (EPD) to improve the
electric characteristics of CNT. To eliminate impurities in
the CNT, CNT powder was placed in H,SO, and HNO;.
Purified CNT were filtered out using vacuum filtering and
dispersed in an ultrasonic generator. CNT were deposited
on glass via spray coating, and then PEDOT:PSS layers were
deposited using spin coating and EPD. Thickness of the CNT
increased from 40.5 nm to 112 nm by increasing the spraying
time from 20 to 80 s. On the other hand, as the spinning speed
decreased, the thickness of the PEDOT:PSS films increased
from 28.4 nm to 114.9 nm. Hybrid electrodes showed a sheet
resistance of 298 ()/sq and a transmittance of 87.52%. Park et
al. [93] prepared SCNT wrapped with polyvinylpyrrolidone
(PVP) to be used as counter electrode in Gratzel devices.
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TABLE 1: Sheet resistance of different carbon-based nanomaterials developed as potential substitutes for ITO.
Material Sheet resistance (/sq) Transparency (%) Reference
Graphene 219 96.5 Cai et al. [4]
Graphene 125 97.4 Chandrashekar et al. [32]
Graphene 1.35x10° 70 Gee et al. [12]
Graphene 2050 80 Lee and Ki [36]
Graphene 850 80 Kim et al. [39]
RGO ~10° to 10° 57 to 87 Yun et al. [43]
UL-GO 605 86 Zheng et al. [49]
RGO/Ag 12.3 82.2 Voronin et al. [53]
SWCNT 59 71 Jo et al. [55]
SWCNT 500 to 600 85 Zhang et al. [56]
SWCNT 1000 to 85000 65 to 85 Ferrer-Anglada et al. [57]
SWCNT 200 85 Rowell et al. [58]
MWCNT 180 81 Aloui et al. [5]
MWCNT 250 38 Kim et al. [59]
CNT 310 81 Park et al. [60]
RGO/MWCNT 1700 to 50000 85 Souza et al. [61]
CNT/copper halide 55 to 65 8510 90 Zhou et al. [62]
CNT/graphene 735 90 Lietal. [63]
CNT/PEDOT:PSS <100 80 Kim et al. [64]
CNT/PEDOT:PSS 298 87.52 Kim et al. [65]

Devices using composite materials showed efficiencies of
4.5%, while those using pristine SCNT showed a conversion
efficiency of 2.34%, and the process for the obtention of
SCNT composites allowed the decrease of the resistance of
the electrode and to promote higher electrochemical reaction
for better charge transfer reactions.

MWCNT have also been used with traditional ITO to
produce hybrid materials. Ulbricht et al. [94] proved that
strong transparent MWCNT play a main role as three-
dimensional hole-collecting network with extended interface
connectivity to photoactive layer of bulk heterojunction
organic photovoltaic devices. The obtained MWCNT showed
a sheet resistance higher than that of ITO, and results
indicated that incorporating MWCNT network to planar
ITO, led to twice increased photocurrent. The performance
of a hybrid anode device was found to be better (17 = 1.74%)
than those using a pure single layer of CNT ( = 1.1%) or
CNT:PEDOT:PSS (1 = 1.43%).

As it is summarized in Table 1, different carbon-based
nanomaterials showing a wide range of properties have been
produced. In general, thin films of CNT or graphene are syn-
thesized using different techniques such as spin coating [95,
96], spray coating [97, 98], dip coating [46, 99], Langmuir-
Blodgett deposition [48,100], and chemical vapor deposition
(CVD) [18,101]. Films synthesized using any of the previously
mentioned methods need to be supported on a substrate
and cannot be easily transferred to a different layer [87].
Although substrate-free films of CNT and graphene are also
available, they present drawbacks in terms of transparency
and conductivity [63, 102, 103]. Overcoming this type of
issues along with problems related to massive production
will help to increase the use of carbon-based nanomaterials

as TCE. Different pretreatments and modifications to actual
synthesis techniques as well as the development of new hybrid
materials are being tested in order to find a solution to this
problematic issue.

4. Conclusions

Due to the same basic structure, carbon-based nanomaterials
(i.e., graphene and CNT) present similar characteristics such
as remarkable optical and transport properties. Up until now,
carbon-based nanomaterials constitute important potential
alternatives to substitute traditional materials in the fabrica-
tion of transparent films. Although in some cases TCE made
of carbon nanomaterials have outperformed those made of
traditional ITO, there is still a large room for improvements
to overcome the major issues that prevent massive use of
carbon-based nanomaterials as TCE in modern optoelec-
tronic devices.
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