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Abstract

The main focus of this project was to prepare transparent and conductive electrodes
(TCEs). TCEs were made out of multi-walled carbon nanotubes (MWCNTs), reduced
graphene oxide (rGO), and polyvinylpyrrolidone (PVP). Based on the theoretical
aspect, MWCNTs has emerged as a promising nanofiller in polymer matrix due to
its high electrical conductivity. As a nanofiller, MWCNTs were used with a small
ratio of rGO with PVP as a polymer matrix in this project to prepare TCEs having
low sheet resistance with high transparency. An appropriate amount of PVP has
been shown to be a good combination with MWCNTs and rGO in the solvent to
keep MWCNTs dispersed for a long time. Carboxyl group (-COOH) functionalized
MWCNTs (FMWCNTs) were produced in a controlled oxidative procedure due to
enabling good dispersion of FMWCNTs in water and ethanol solvents. In contrast,
water dispersible rGO was chemically prepared by using GO and sodium borohydride
where GO was produced from graphite by using improved Hummer’s method. Drop
casting and spray coating methods were applied to fabricate TCEs where only water
was used as the solvent for drop casted TCEs and a mixing ratio of water and ethanol
was 70:30 as solvent for spray coated TCEs.

It was also determined in this project that the spray coating method was more
suitable for preparing TCEs rather than the drop casting method due to easy
fabrication, large area coating possibility, and the smoothness of the coated film
surface. The sheet resistance was obtained as 5026 Ω/� where the transparency was
65% in the case of the drop-casted electrode for the ratio of rGO:FMWCNTs:PVP
was 1.2:60:1 with 0.02 mg FMWCNTs. In the case of spray coated electrode at the
same ratio of rGO:FMWCNTs:PVP, the sheet resistance was measured as 5961 Ω/�

where the transparency was 73%. But in case of 60:1 mass ratio of FMWCNTs:PVP
with 0.02 mg FMWCNTs, the sheet resistance was 7729 Ω/� and transparency was
77% for spray coated electrode. So, it is clear that the sheet resistance was improved
by adding a small mass ratio of rGO with FMWCNTs:PVP.
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1 Introduction

1.1 Background of this study

It appears that the transparent conductive electrodes (TCEs) is one of the most
well-known applications of carbon nanotubes (CNTs).1,2 Due to its outstanding
electron mobility and optical properties, CNT based films provides a wide range of
applications for opto-electronic and photo-voltaic devices as well as solar cells, touch
screens, flexible display, solid state lighting (e.g. the organic light emitting diode),
sensors etc.1,2,3

Until now, indium tin oxide (ITO) is the most prominent material for manufactur-
ing TCE due to its remarkable opto-electronic properties with its high transmittance
of about 90%, and sheet-resistance of about 10 Ω/�.4 Notwithstanding, it has shown
the difficulty to adapt to future applications with some major drawbacks, including
high cost, the deficit of indium, and brittleness. Furthermore, it has a relatively
high refractive index (∼2.0) which could result in unwanted reflections when used
on a substrate having a lower refractive index.5 As a consequence, the development
of substitute TCEs manufacturing material having high optical transparency and
the proper sheet resistance is of highest priority.4,5 As a substitute of traditional
materials i.e ITO (indium tin oxide) to fabricate TCEs, carbon-based nanomaterials
[e.g., graphene, carbon nanotubes (CNT)] are suitable alternatives due to their
excellent optical transmittance and outstanding electrical characteristics.5

It has been suggested that the exfoliated graphene oxide is an alternative pro-
cessable graphene solution as it can be synthesized by using inexpensive graphite
powder in a large quantities.4 Although the covalent C-O bonds smashing the sp2

conjugation of the honeycomb graphene lattice that acts as an insulator, GO can be
partially reduced by removing oxygen-containing groups formimg a graphene-like
conducting sheet.4,6 Based on the electrical property of reduced graphene oxide
(rGO) and MWCNT with a suitable polymer [e.g. Polyvinylpyrrolidone (PVP),
Polyvinyl alcohol (PVA), polyethylene glycol (PEG), and many more], transparent
conductive electrode can be printed for different electronic and optical device.7 Cao
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et al. have presented a review of transparency and sheet resistance properties of
different transparent conducting materials and conclude that graphene and carbon
nanotubes in many ways have excellent fundamental properties to be implemented
in films with high transparency and low resistivity, at a reasonably low cost and
availability for future flexible electronics.8,9

It has been investigated in many studies about the combination of CNTs with
rGO.Although tha electrical properties of CNTs and rGO is outstanding, It has been
seen in many studies that the improvement of electrical conductivity of CNTs/rGO
is highly dependent on the size and amount of rGO over CNTs junctions.1,10 By
preparing proper ink solvent, MWCNTs with reduced graphene oxide and PVP
polymer solution can provide good conducting electrode through different printing
methods as well as drop casting, spray coating, dip coating, spin coating, roll to roll
coating, inkjet printing, 3D printing etc.11,12,13

1.2 Objectives and outlines of this thesis work

The aim of this thesis study is to develop printable transparent electrodes based
on reduced graphene oxide with carbon nanotubes embedded in a suitable polymer
matrix.

Drop casting and spray coated method were used in this experimental study to
prepare TCE. One possible suggestion as a non-conductive polymer, PVP was selected
due to its water solubility, availability due to low cost, and relatively adjustable14

with FMWCNTs and rGO in the water-based solvent. Two different ink solvents were
prepared for drop casting and spray coating electrodes with FMWCNTs, rGO and
polymer matrix at different degree to determine their best combination on a glass
substrate. In addition, the effect of rGO over CNTs junctions was also investigated
in this experimental study to improve the conductivity. Furthermore, the sheet
resistance and transparency of TCEs were measured and compared between drop
casting and spray coated electrodes.

Raman spectroscopic measurement was used to determine the structural properties
of MWCNTs, FMWCNTs, GO and rGO. X-ray photoelectron spectroscopy (XPS)
was used to determine the atomic percentage and the chemical states of elements in
a sample.15 In contrast, the sample weight at different temperature was determined
by thermogravimetric analysis (TGA) for GO and rGO. The scanning electron
microspectroscope (SEM) was used to determine the topographic information16 for
different materials with the morphological properties of TCE. Finally, the conductivity
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and transparency were measured by using a four-point probe and UV-Vis-NIR
spectroscopy.

2 Theoretical background

Carbon nanomaterials are described as the different form of carbon allotropes in
figure 1 such as graphite, fullerene carbon nanotube and C60 fullerene.13 Graphite is
one of the most used natural materials which is more traditionally used as the main in-
gredient of pencil lead17. Graphite can be explained as a three dimensional (3D) form
of structure where graphene and nanotube can be describe as two dimensional(2D)
and one dimensional(1D) form of structure respectively.18

Figure 1 – Different allotropes of crystal carbon structure are shown here as 3D graphite,
2D graphene, 1D nanotubes, and 0D C60 fullerene.17,18

2.1 Carbon nanotubes

In 1952, nanostructural tubular carbon nanotubes were reported by Russian scientists
Radushkevich and Lukyanovich in the journal of the physical chemistry of Russia.19

After forty years, the work on MWCNT was reported by Iijima in 1991. In contrast,
single wall carbon nanotubes (SWCNT) was first reported on June 17th, 1993 by
Iijima and Ichihashi independently.
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2.1.1 Single wall carbon nanotubes (SWCNT)

Cylindrical shaped SWCNT can be defined through its chiral vector with chiral
indexes (n,m) according to the orientation of the tube axis with a hexagonal lattice.
Based on the atomic structure of graphene, it can be possible to specify two unit
vector a1 and a2 where the generated chiral vector C is defined as,

C = na1 +ma2 (1)

Here, SWCNT can be classified as chiral (n 6=m), armchair (n=m), or zigzag (m=0)
while most of them are chiral where n and m is a positive integer and |m|>|n|.20

Figure 2 – Presenting here (a) the chiral vector of a graphene sheet regarding zigzag and
armchair where the chiral vector is define as, C = na1 +ma2, (b) armchair (c) zigzag, and
(c) chiral SWCNT structure.21,20

According to figure 2(a), the (n,m) pair can be defined as the chirality of the nanotube
which is directly related to the tube diameter d and mathematically it can be written
as,

d = |c|/π = a
√
n2 +m2 + n.m (2)

Here, a is the lattice constant.16 According to Saito et al, it can be determined the
behaviour of the SWCNT is metallic or semiconducting. If the difference between
n amd m value is multiple of 3 then the SWCNT is metallic otherwise it will be
semiconducting.22

2.1.2 Multi-wall carbon nanotubes (MWCNT)

Due to the super-imposed inner wall by the outer wall of CNT, there causes the
overlapping of the density of state in case of MWCNTs. In addition, the band gap
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energy of MWCNT become small at room temperature resulting in the metallic
nature due to having the large diameter of MWCNTs.13

Figure 3 – Schemetic diagrams of single-walled carbon nano tubes (SWCNT) and multi-
walled carbon nanotubes (MWCNT).13

Due to sp2 hybridization23 of graphene and carbon nanotubes, strong σ bonds
are formed between carbon atoms (figure 1) along with delocalized π orbitals.18

The weak π bond with strong σ bond connects evenly with three carbon atoms
in a hexagonal structure of graphene sheet and carbon nanotubes24 where the π
bond electron creates Van Der Waals attraction forces along the graphene sheets
and carbon nanotubes.25 Moreover, the helicity and wrapping morphology of CNTs
make an effect to their electrical properties and also influenced to their metallic
and semiconducting nature.26 The conductivity of SWCNTs is nearly to the plane
conductivity of graphite with the value 106 S/m where 107 to 108 was reported for
MWCNTs.26,27

Usually three different methods: chemical vapour deposition (CVD), arc discharge
and laser ablation are used to fabricate CNTs but the most common and widely
synthesis method is CVD.

2.2 Graphene and its derivatives

In 1948, graphene was first recognized by transmission elctron microscopy (TEM).16,28

In simple terms, graphene is a single form of carbon layer and the atoms are placed in
a hexagonal honeycomb lattice29 [shown in figure 1 and figure 4(a)] with inter-atomic
bond length is 0.142 nm. In case of graphite more than one plane of graphene
are stacked together on the top with each other where the inter planer spacing is
0.335 nm. It is a semiconducting materials having zero band-gap energy where the
transmittance in visible spectrum is 97.7% of a single layer graphene where the
electrical conductivity can appear as 9.6 x 10 7S/m.30,31
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Figure 4 – Structure of (a) graphene, (b) graphene oxide (GO), and (c) reduced graphene
oxide (rGO).31

The most common approach is to produce GO by the exfoliation of bulk graphite
with strong oxidizing agents.32,31 GO is dispersible in water and its sheet resistance
is about 1012Ω/�.33 GO can be explained as a oxidized layer of graphene containing
epoxides, hydroxyls, and carbonyls groups on one planes while carboxyls groups are
placed on the edge of the plane as figure 4(b). In contrast, rGO can be shown as
figure 4(c) and it can be produced by the reduced in quantity of oxygen containing
groups from GO where the electrical conductivity is reported in the range of 10-23
S/cm.31

2.3 Polymer matrix

Polyvinylpyrrolidone is also known as povidone or briefly PVP which was first recog-
nized by Peppe.34 PVP has been extensively useful polymer in the pharmaceutical,
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cosmetics and food industry due to numerous applications. There are three types
of PVP ae well as homo-polymer of different molecular weights, co-polymers, and
cross-linked PVP. By radical polymerization in the solution, the molecular weights
of PVP ranges from 2500 g/mol to about 1 million g/mol. The glass transition
temperature of PVP for the molecular weight of 1 million g/mol is about 1750C and
decreasing the value below 1000C for the molecular weight of 2500 g/mol .

PVP is a polymer that is easy to process because it is soluble in water and other
polar solvents like ethanol.34 In addition, it is an insulating polymer having low glass
transition temperature. Moreover, for most of the visible spectrum wavelength range
(400 nm to 700 nm), it has high light transmittance. So, due to all of the above
properties, PVP was the selected polymer in this project.

Figure 5 – (a) The synthesis process of N-vinylpyrrolidone34 and (b) shows the
polyvinylpyrrolidone synthesis process.34

The theoretical synthesis process of N-vinylpyrrolidone is produced by a chemical
reaction between formaldehyde (O=CH2) and acetylene (HC≡CH) where the different
stage reaction is shown in figure 5(a).34 Then, by the polymerization process of
N-vinylpyrrolidone, polyvinylpyrrolidone is produced as figure 5(b).
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2.4 Physical characterization techniques

2.4.1 Raman spectroscopy

Raman spectroscopy is a vibrational spectroscopic technique and a CCD detector
is used to determine the crystal structures of a sample.16,35,36 A laser source is
used in Raman spectroscopy.16 By using this technique, the frequency of photons
in monochromatic laser light is changed when it absorbs by the molecules of the
sample and then re-emit.35 This effect of the change in frequency is called the Raman
effect. From that re-emitted light provide some core information of molecules as
well as vibrational, rotational and low-frequency transitional information about the
molecules. According to the Raman effect, there may occur three types of change
in frequency between incident and re-emitted photons.36 A schematic diagram of a
Raman spectroscopy is shown in figure 6.

Figure 6 – A schematic diagram of Raman spectroscopy. Source: Michael B. Fenn et al.
(2011)

When a monochromatic light source with a frequency (ν0) is absorbed by the molecules
of a sample, the electric dipole moment of the molecules changes with molecular
deformation P and the molecules start more vibration with their characteristic
frequency (νm) due to periodical deformation.16,35 When the molecules having no
Raman active modes absorbs photon with frequency (ν0) and emits photon with same
as incident photon frequency (ν0), then occur Rayleigh Scattering. If the photon
scattered with low frequency due to change higher vibrational energy state by the
molecules the frequency difference will be ν0 < νm, the produced scattering is called
Stokes scattering.16 Due to change lower vibrational energy states in the molecules,
the photon may scattered with high frequency then the frequency difference will be
ν0 > νm and the scattering is called anti-stokes scattering.16,35
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2.4.2 Sheet resistance measurement

Sheet resistance is also known as surface resistance for a substance like thin film
material37 with a nano-meter or micro-meter of thickness range38. In contrast, the
resistivity and conductivity can be determined by knowing the thickness of the
material surface and its sheet resistance.

Figure 7 – A schematic diagram of four point probe.37,38

A schematic diagram can be shown as figure 7 where four probes are separated in a
same distance (s). A current (I) was flowed through probe 1 and probe 4 while the
resulting voltage difference (V) was produced between probe 2 and probe 3. Then
the sheet resistance of TCEs can be calculated as,

Rs =
π

ln(2)

V

I
=⇒ Rs ∼ 4.53236

V

I
(3)

Here, the sheet resistance is Rs, I is the applied current and V is the measured
voltage. The equation (3) is valid if the thickness of the substance is less than 40%

of the probe spacing (s) and the lateral size of the material is sufficiently large.38

2.4.3 Transparency measurement

If the incident beam through glass substrate is I0 and through the electrode sample
is I, the transparency can be calculated as T=(I/I0) and usually expressed in %.16
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Figure 8 – Typical setup of a UV-Vis spectroscopy.39

According to the experimental setup in figure 8, blank glass substrate was placed
in a reference substrate chamber while printed film on glass substrate was placed
in sample chamber and the printed film side was faced to the light source. In this
procedure the transparency of the coated film can be measured.

2.4.4 Scanning electron microscopy (SEM)

Scanning electron microscope (SEM) was invented by Max Knoll in 1935 for the
study of secondary emission properties of television and camera in Berlin.40 To
produce a magnified image of a sample, an electron beam is produced by using an
electron gun from the top of SEM where the accelerate energy range of electrons
is 1-40kV. The schematic illustration of the working principle of SEM is shown in
figure 9.

According to figure 9, electron beam is guided by the electromagnets to make it
concentrated and focused on the sample. When the beam of the electron is hitting on
the sample, the ejecting electrons from the valance band of the sample material are
being observed by the secondary electron detector. The secondary electron detector
gives the topography information of the sample.16 Some electrons are reflected back
from the sample surface is called back-scattered electron which gives the information
about sample density. X-ray patterns are obtained by a X-ray detector. The emitted
X-ray from the sample gives the sample’s component information.
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Figure 9 – The working principle of SEM. Source: B.J. Inkson et al. (2016)

2.4.5 X-ray photo-electron spectroscopy (XPS)

XPS is one of the most extensive technique to determine the atomic compositions,
chemical bonds, oxidation states, amount of the elements, the presence of contami-
nants in the sample.15 By this technique, a constant high energy X-ray incident on
the sample surface and penetrate at about 1-10nm depth due to the incident high
energy X-ray as figure 10(a). Due to the incident X-ray, the core shell electrons will
eject [figure 10(b)] with a kinetic energy that can be explain as,

hν = EK + EB + φ (4)

Here, hν is the X-ray energy, EK is the kinetic energy of the escaped electrons, EB is
the binding energy of the escaped electrons [figure 10(b)], and φ is the work function
of the specimen.
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(a) (b) (c)

Figure 10 – (a) The working principle of XPS,15 (b) an example of photo electron emission
due to incident UV or X-ray photon,41 and (c) represents the photo-electron spectrum due
to the binding energy of escaped electrons at different orbital state.41

The XPS detector can determine the binding energy of certain type of electrons
bound to specific atoms. In addition, the atomic ratio on the sample surface can be
determine through the possibility of measuring intensity of the photons generated by
those electrons.15 Based on the type of XPS measurement system, the range of the
detection limit is about 100ppm for the measurement of all elements in the sample.
A typical XPS spectrum is given here as an example in figure 10(c).

2.4.6 Thermal gravimetric analysis (TGA)

Thermal gravimetric analysis is a thermal analysis by which the change in physical
and chemical properties of a sample is determined by the rate of weight changes
by increasing the temperature in time with a constant heating rate in a controlled
environment.42 By increasing temperature, the mass of the specimen changes due
to desorption, adsorption, sublimation, vaporization, oxidation, reduction, and
decomposition.43 Typically, TGA consists of a microbalance balance and a furnace
with thermocouple as shown in figure 11(a) which represents the working principle
of a TGA.

According to figure 11(b), the first curve shows no changes in mass due to increase
the temperature and the second curve will be formed due to the evaporation of
volatile substance during desorption, drying, and polymerization.43
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(a) (b)

Figure 11 – (a) A typical Thermogravimetric analyzer42 and (b) seven different types of
TGA curve.43

In addition, third curve in figure 11(b) represents a single stage decomposition
where the multistage decomposition forms in curve 4 as a result of various reactions.
Moreover, curve 5 occur due to having no intermediates. Furthermore, curve 6 can be
found when the increase in mass of a substance with respect to increasing temperature
where curve 7 is formed for some decomposition occur at high temperature.

3 Experimental methods

3.1 Fabrication

Nanocyl-3100 MWCNTs, the commercially CVD fabricated MWCNTs was used in
this project work where the diameter of the MWCNTs is 9.5 nm and the average length
is 1.5µm.1 Nanocyl-3151 MWCNTs was used as a reference -COOH functionalized
MWCNTs. Aladdin 400nm graphite flakes were used to prepare rGO.
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3.1.1 Functionalization process of MWCNTs

Surface modification of MWCNTs can be done by adding suitable functionalization
groups (e.g. carboxyl and hydroxyl groups) onto the MWCNTs surface with one
of the functionalization methods among covalent functionalization, non-covalent
functionalization, pi-stacking functionalization, and endohedral functionalization.44

Acid oxidization treatment is a non-covalent functionalization process.26,44 It has
been observed that acid oxidation treatment produced carboxylic functional group
(-COOH) onto the MWCNTs surface where MWCNTs with -COOH functional group
shows a good dispersion in polar solvent like water and ethanol.26,16

It has been reported that three control factors: concentration of nitric acid (M),
reflux temperature, and treatment time influence the amount of -COOH onto the
MWCNTs surface and the concentration of MWCNTs in the solvent to get good
dispersion.44

Nitric acid (HNO3) with a density of 1.413 g/ml, the weight percentage of 65.0%

w/w, formula weight 63.01g/mol was purchased from Scharlan and distilled water
was used to prepare a different concentration of HNO3. As a control factor, three
different concentration of HNO3 was prepared as 2.5M, 5M, and 8M. 5mg of Nanocyl
3100 MWCNTs (synthesis method CVD, diameter 9.5 nm and length 1.5 µm )1 was
measured as a pristine MWCNTs (PMWCNTs) and mixed with 30ml of a certain
concentration of HNO3. Then the mixture was sonicated with VWR USC308T
(output 45kHz and 80Watt) at about 30 min.

Figure 12 – Reflux process was done by using silica oil bath at 800C and 900C. Sourse: B.
Tian et al. (2016)
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The reflux process is shown here as figure 12 where the oil bath and a condenser was
used to keep same amount of solvent for a long time heating process.

(a) (b)

Figure 13 – (a) Shows filtration process and (b) the drying process after filtration.

Reflux temperature was controlled at 800C and 900C where the treatment time was
fixed for 4h. After the reflux treatment, the solution was cooled down to room
temperature. Then, 0.45µm filter paper was used for vacuum filtration of HNO3 acid
treated MWCNTs as figure 13(a). Then the resulting solid was dried up in a vacuum
environment as figure 13(b) at 800C for overnight. Finally, the obtained -COOH
functionalize MWCNTs (FMWCNTs) was stored to use for dispersion in water and
water/ethanol.

3.1.2 Preparation of graphene oxide (GO)

Hummer’s method is one of the most common methods to produce graphene oxide
where 6:2:1 ratio of KMnO4:H2SO4:NaNO3 were used.32 According to Marcano et al.
2010, GO can be synthesized by using Hummers improved method. The efficiency
of oxidation process improved by increasing the amount of KMNO4 without using
NaNO3 while H2SO4/H3PO4 was used as a mixture ratio of 9:1. By this improved
Hummer’s method, the amount of hydrophilic oxidized graphene oxide (GO) can be
produced in larger quantity.

In this project, the improved method was applied to produce GO. By this method,
9:1 ratio of H2SO4/H3PO4 was taken as 360mL:40mL and then added with a mixture
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of graphite flakes and KMnO4 where graphite flakes were 3g and 18g of KMnO4.32

The temperature of the reaction was kept at 500C with magnetic stirring for 12 h.
After 12 h, the reaction was cooled down to the room temperature. The multi-washing
process was done by centrifugation.

3.1.3 Preparation of reduced graphene oxide (rGO)

To prepare a water-based ink solvent, it is important to get water soluble rGO.
Although the amount of rGO can be prepared from thermal treatment, the produced
rGO is not water soluble. In contrast, some chemical treated reduced GO is water
soluble and the chemically reduced graphene oxide was used in this project.

At the beginning of GO reduction process, the graphene oxide was mixed with
water as 1 mg/mL. By using VWR mixter mini in auto mode, GO/water mixture
was prepared for 2 min and then the mixture was kept for 24h in room temperature.
After 24h, the solution was sonicated (VWR USC300T,output 45 kHz, 80 W) for 90
min and then the solution was centrifuged by 6000rpm for 60 min at 200C. After
the above process, the supernatant was adjusted to 0.5 mg/mL GO solution and the
solution was kept in the silica oil bath at 800C in the fume hood. In the meantime,
320mg sodium borohydride mixed in 20 mL H2O was prepared and then the mixture
was added drop by drop to the GO solution for a chemical reaction. The reaction
time was 1h and then the solution was cooled down to the room temperature. In
the followed step, a cleaning process was performed by centrifuging at 6000 rpm for
30 min and the supernatant was decanted away. The above cleaning process was
done for three times by adding the same amount of distilled water as the amount of
decanted supernatant. Finally, 0.5 mg/mL and 0.6 mg/mL rGO dispersion in water
was obtained.

3.1.4 Preparation of glass substrates and the cleaning process

76x26 mm2 microscope slides were bought from Thermo scientific and the glass slides
were cut into 10x26 mm2 size. All the glass substrates were taken into three steps
cleaning process. Sufficient amount of acetone (was bought from VWR chemicals)
was performed by 5 min sonication at the first step and the second step, iso-propanol
with 5 min sonication was applied. Then the plasma treatment was done by using
argon gas in the clean room. According to the plasma treatment manual, the plasmal
cleaner started with a pump machine. The power was set to maximum power and 2
min was the waiting time to make a vacuum chamber in the plasma cleaner. Then,
the argon gas pressure was kept a continuous flowing at very low pressure while a
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bright pink light was seen in the vacuum chamber. After four minutes the plasma
cleaning process was completed and the glass substrates were ready to prepare drop
casted and spray coated transparent conductive electrodes.

3.1.5 Coating method and ink preparation

Ink preparation for drop-casting method

Distilled water was used as a solvent to prepare the ink for the drop casted method.
0.06 mg/mL FMWCNTs in water was prepared and a good dispersion was achived
by using 90min sonication treatment (VWR USC300T, 45 kHz 80 W). 5 mg/mL
PVP in distilled water was prepared by using 30min sonication process and 0.006 ml
PVP solution was added with 30 ml of FMWCNTs dispersant solution where the
ratio of FMWCNTs: PVP was 60:1 in water solvent. Finally, the different amount of
0.6 mg/mL GO and rGO was added with 60:1 ratio of FMWCNTs: PVP detailed
were listed in table 1 in appendix A.

Drop-casting method

Drop casting method is a quite simple and straight forward method as shown in
figure 14. Different amount of ink as well as 100 µL, 200 µL, 300 µL, and 400 µL
solutions were dropped on plasma treated glass substrate which was placed over a
hot plate at about 800C for 30 min.

Figure 14 – The drop casting process can be shown here as three steps.45

To get smooth and homogeneous coated film on glass substrate was quite tricky
process although, a vacuum drying process was applied in this casting process.
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Ink preparation for spray-coating method

As a solvent, only distilled water was not appropriate for spray coating because
the dispersion of FMWCNTs was broken at the time of spray coating. In contrast,
only ethanol as a volatile solvent was not appropriate for spray coating because of
problems in a coated film to stick on glass substrate. So, different ratio of distilled
water and ethanol mixture was made as a appropriate solvent.

During the preparation of spray coating ink, the ratio of MWCNTs: PVP was
kept as same as drop casting, where GO and rGO were added at the same ratio as
the ink prepared for drop casting. The solvent was used as a mixture of distilled
water and ethanol instead of only distilled water. According to the experimental
results (table 2 in appendix A) and the ability of coated film to be stuck on glass
substrate, the mixing ratio of distilled water and ethanol was taken as 30:70 for the
final spray coating observation by adding different amount of GO and rGO as table
3 in appendix A.

Spray coating method

Spray coating method is a common and large scale of coating method. This coating
method can be operated in a very quick way with large scale if all the parameters, i.e.
the pressure of nitrogen gas (2 bar), the controller of the spray gun (IWATA Eclipse
HP-Cs), distance of the spray gun from the glass substrate (8cm), the temperature
of the hotplate (800C) and the amount of ink in the spray gun container is fixed
(figure 15).

Figure 15 – The experimental setup of spray coating process.46

18



In this experiment, a certain amount of ink was used for one glass substrate. By
using this process, the amount of FMWCNT, PVP, GO and rGO was less than it
should be on the glass substrate due to the waste of ink during spray coating.

3.2 Experimental characterization

Raman spectroscopy and data analysis

In this experiment, 514nm wavelength laser with 5% laser intensity for 40sec and
20X zoom lens microscope was used for all measurements by RENISHAWTM Raman
spectroscopy. The instrumental outlook of Raman spectroscopy is shown in figure
16.

Figure 16 – The instrumental view of Raman spectroscopy in the lab.47

According to experimental data of Raman spectroscopy, D and G peak was obtained
at about 1343cm−1 and 1588cm−1 respectively for MWCNTs. The D/G peak ratio
was measured for six different samples, reference FMWCNTs sample, and pristine
MWCNTs sample as table 1. In contrast, the normalization of D/G value was
calculated as the product of Raman data with D’/D where, D’ was the maximum D
peak intensity. Such a relation is shown here in figure 20(b). Raman spectroscopic
data was also measured for GO and rGO as figure 21(a).

Sheet resistance measurement

A four-point probe (Jandel, model HM21) was used to measure sheet resistance of
drop-casted and spray coated TCEs as shown in figure 17.
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Figure 17 – Shows the instrumental view of four point probe (Jandel, model HM21). Source:
https://www.ossila.com/pages/sheet-resistance-theory38

Transparency measurement

UV-Vis-NIR Spectrometer (Cary 5000) was used to measure the transparency of
printed conductive electrode and the transparency of the printed electrode were
measured in the visible spectrum (400 nm to 800 nm). The instrumental view of
UV-Vis-NIR spectrometer is shown in figure 18.

(a)

Figure 18 – The instrumental view of UV-Vis spectrometer (Cary 5000) in the lab.

By using UV-Vis-NIR spectrometer, the transparency of TCEs were measured at
550 nm wavelength for both drop casted and spray coated TCEs as noted on table 1,
table 2, and table 3 in appendix 1.

Scanning electron microscopy (SEM)

Zeiss Merlin FESEM was used for sample imaging in this experiment and the
instrumental view is showing here in figure 19. 2 nm and 200 nm scale measurement
was taken at 20 kX and 80 kX magnification scan shot where two images were taken
for each sample.
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Figure 19 – Shows the instrumental view of SEM in lab.

XPS and TGA

XPS measurement of GO and rGO was performed by Kratos Axis Ultra DLD electron
spectrometer where a 150 W monochromatic Al K-alpha source was used. Moreover,
METTLER Toledo TGA/DSC 1 was used to determine thermal gravimetric data
recorded for GO and rGO in the presence of N2 gas at a heating rate of 5 K/min
from 300C to 9000C.

4 Results

4.1 Functionalization of multi-wall carbon nanotubes
(FMWCNTs)

As the explanation of MWCNTs dispersion in 2.2.1, the carboxyl (-COOH) functional-
ization process on MWCNTs surface happens due to the acid oxidation reaction.48,23,49

The carboxyl functionalized MWCNTs shows a good dispersion in polar solvents
where the aggregated MWCNTs in bundles are less apparent in the dispersant ink
solution.49,26 The control factors to produce nitric acid (HNO3) treated FMWCNTs
are depending on the concentration of HNO3, reflux time and reflux temperature.44

The reflux time was taken 4h for all FMWCNTs sample preparation.
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Table 1 – D/G ratio for different MWCNT and FMWCNT samples with respect to their
preparation at different re-flux temperature and different concentration of HNO3.

Samples Temp 0C Concentration of HNO3 D/G in Raman spectra
sample 1 2.5 1.19
sample 2 80 5 1.22
sample 3 8 1.24
sample 4 2.5 1.21
sample 5 90 5 1.23
sample 6 8 1.26

Pristine MWCNT – – 1.19
Reference FMWCNT – – 1.23

By following the control factors as in table 1, three different concentration of HNO3

acid as well as 2.5M, 5M, and 8M was prepared for the reflux process at 800C and
900C to produce the carboxyl functionalized MWCNT. By using Raman spectroscopic
measurement, the D/G band ratio of FMWCNT with the corresponding concentration
of HNO3 at 800C and 900Cwere observed in figure 20(a). By the analysis of figure
20(a), the D/G band ratio in Raman spectroscopic measurement implies the number
of defects due to functionalization on MWCNTs surface created due to HNO3 acid
treated carboxyl functionalization process.

(a) (b)

Figure 20 – (a) Each line in the diagram shows the D/G band ratio in Raman spectroscopic
measurement for three different concentration of HNO3 acid at a specific reflux temperature
where the re-flux temperature was 800C and 900C, and (b) shows the normalized Raman
spectra for three different samples where the above spectral line is one of the experimentally
obtained FMWCNTs (sample 4) is compared with the second spectral line of a reference
FMWCNT (nanocyl 3151 FMWCNT) having the same D/G ratio. The bottom spectral line
represents the normalized Raman spectra of pristine MWCNT (nanocyl 3100 MWCNT).

The normalized Raman spectroscopic measurement was taken for the experimentally
produced FMWCNTs with Pristine MWCNTs (nanocyl-3100, MWCNT) and a
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reference FMWCNT (nanocyl-3151, about 5% -COOH functionalized MWCNT).50

Then the experimentally prepared FMWCNTs having D/G=1.23 and was selected
for further experimental purpose due to the similar D/G band ratio of reference
FMWCNT as shown in figure 20(b).

4.2 Graphene oxide (GO) and reduced graphene oxide
(rGO)

The structure of GO was changed after its reduction process and can be observed by
using Raman spectroscopic measurement analysis in figure 21(a). The D/G band
ratio of GO was 0.915 where D/G =0.997 was found for rGO. So, the peak ratio was
increased due to the reduction process from GO to rGO.51,52 In addition, the D peak
for GO was observed at 1356 cm−1 and a G peak was at 1604 cm−1. The position of
D and G peak is also observed for rGO but the position was changed while the D
peak was at 1339 cm−1 where G peak was at 1593 cm−1.

(a) (b)

Figure 21 – (a) Shows the normalized Raman shift vs intensity regarding GO and rGO,
and (b) shows the XPS spectra for the binding energy vs intensity regarding GO and rGO.

XPS spectra of GO and rGO is shown in figure 21(b). Based on the XPS measurement
of GO and rGO, the atomic ratio of C/O was increased from 2.2 to 2.8 due to the
removing process of oxygen-containing functional groups from GO to rGO. Based on
the literature study,51,52,53,54 the graphitic c=c, functionalization groups c-o, c=o,
and HO-C=O peak can be observed at 284.3eV, 286.3 eV, 288.1 eV and 289.4 eV
respectively. Moreover, Na 1s peak and Na KLL peak was observed at 497eV and
1094eV respectively which was just some residue of Sodium in the case of rGO. XPS

23



graph in figure 21(b) due to reaction in oxygen functional groups using Sodium
Borohydride.

Figure 22 – Temperature vs sample weight graph shows the normalized TGA spectra for
GO and rGO.

Figure 22 shows the TGA spectra of GO and rGO which measurement gives further
proof of oxygen reduction of GO. This measurement was taken place in the tempera-
ture range of 300C to 9000C while the significant loss in mass was observed for GO
more than rGO. Three steps can be identified through the mass reduction process for
GO. Around 40% of mass loss was observed for GO in between 300C to 1200C due
to the removal process of water molecules.54 At about 1500C to 3500C, nearly 50%

mass reduction happened due to oxygen-containing group decomposition.55 Another
slope was observed from 4500C because of unstable carbon form as a structure of
CO and CO2.35 Then a similar slope was observed through the small amount of
weight loss because the oxygen-containing functional groups were contained in GO.
In contrast, the similar characteristic was observed in rGO weight loss as GO but a
very small weight was seen to around 7800C.

4.3 Drop casted electrodes

TCEs were prepared by using drop casting method and the transparency and sheet
resistivity of TCEs were measured. SEM images were also taken for each TCE
sample to get detailed observation as well as surface homogeneity, the concentration
of each element and how they look like on TCEs surface.
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4.3.1 Sheet resistance and transparency of the drop casted TCEs

Based on MWCNTs loading on TCEs, the sheet resistance and optical transparency
were measured for different amount of ink solvent (as well as 100 µL, 200 µL, 300
µL, and 400 µL) was used to prepare TCEs. The sheet resistance (in Ω/�) was
measured for drop casted TCEs by using four-point probe at a different ratio of GO
and rGO with 60:1 ratio of FMWCNTs/PVP as table 1 in appendix A.

Figure 23 – The sheet resistance and transparency (at 500 nm wavelength) for different
amount of FMWCNTs were compared with different ratio of GO and rGO with FMWC-
NTs/PVP in TCEs

Due to dispersion stability and smooth drying process, 60:1 ratio of FMWCNTs/PVP
was deemed as a good combination in the water solvent for drop casted electrodes.
The sheet resistance and transparency measurement regarding FMWCNTs loading,
a diagram was plotted in figure 23. According to this figure, the yellow lines indicate
the transparency and sheet resistance for 1.2:60:1 ratio of rGO/FMWCNTs/PVP
where a consistent trend line was found. This yellow line for sheet resistance also
implied that the transparency of TCEs could be maximum by reducing the amount
of FMWCNTs and the reduced sheet resistance could be measured.

4.3.2 SEM images

The SEM images of drop casted TCEs were observed by 4 µm and 800nm range for
each sample. The surface morphology of TCEs was identified as the indicated circles
in the SEM images.
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(a)

(b)

(c)

Figure 24 – (a) SEM images of TCE with weight ratio of FMCNTs/PVP was 60:1 where
the impurities were indicated in the orange color circle. (b) The SEM image of TCE with
weight ratio of GO/FMCNTs/PVP was 1.2:60:1. Here, the baby blue color citcles shows the
GO flakes and the black color circle represents the in-homogeneous surface on the sample.
(c) The SEM image of TCE with rGO/FMCNTs/PVP was 1.2:60:1 where the green color
circle shows the rGO flakes in the sample. in addition, the orange color circle shows the
impurities in the film sample.

An overall homogeneous surface was observed on the drop casted TCEs as shown
in figure 24. In addition, a bunch of spaghetti structured MWCNTs was showing
their presence on TCEs surface in the SEM images. Moreover, a low amount of PVP
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clouds with a small amount of rGO or GO are also showing on prepared TCEs. The
sample, FMWCNTs/PVP with a weight ratio of 60:1 was investigated in figure 24(a)
where the PVP layers makes the MWCNTs more rough. In addition, the orange
circle was indicated as impurities on TCEs. Figure 24(b) presented the information
about GO in baby blue color circles where the in-homogeneous surface was indicated
in the black color circle on TCE sample. The rGO was represented as a green color
circle on figure 24(c) of drop casted TCEs. It is also important to mention here that
the rGO makes the film more darker than GO as shown in figure 24(b) and 24(c).

4.4 Spray coated electrode

4.4.1 Transparency and conductivity of the spray coated electrodes

In this coating method, the different weight ratio of water and ethanol mixture was
tested for spray coating method where the stable and adhered TCEs were prepared
by using 30:70 weight ratio of water/ethanol.

Figure 25 – The sheet resistance and transparency were measured for spray coated TCEs.
The ink solvent was prepared for spray coating with different weight ratio of water/ethanol
were applied.

Figure 25 was drawn for sheet resistance and transparency of TCEs with different
amounts of FMWCNTs and the data measurement were noted on table 2 in appendix
A. The transparency was measured at 550 nm wavelength and adhering of FMWC-
NTs/PVP on glass substrate was determined at different ratio of water/ethanol as
solvent. A strong adhering of FMWCNTs/PVP on glass substrates were determined

27



at 30:70 weight ratio of water/ethanol as solvent in this stage. According to figure
25, the sheet resistance trend in the line for 30:70 ratio of water/ethanol as solvent
provided the low sheet resistance trend. Based on 30:70 weight ratio of water/ethanol
a solvent, different mass ratio of GO and rGO was added with 60:1 mass ratio of
FMWCNTs/PVP and noted on table 3 in appendix A.

Figure 26 – The sheet resistance (in Ω/�)and transparency (at 550nm wavelength) for
different amount of FMWCNTs.

There were observed consistent trend lines in figure 26 where a violet color line
represented a low sheet resistance line for 1.2:60:1 ratio of rGO/MWCNTs/PVP with
0.02 mg of FMWCNTs loading. Different mass ratio of GO and rGO were added
with 60:1 mass ratio of FMWCNTs/PVP to prepare the ink solvent for spray coated
TCEs.

4.4.2 SEM images

The surface morphology of spray coated TCEs were obtained by SEM as shown in
figure 27 where four TCEs samples were presented as well. Different materials are
indicating by different colors. Two images having 2 µm and 200 nm measurement
scales were taken for each TCE sample. Then a graphically modified measurement
scale as 4 µm and 800 nm was done to show a clear font view of the images.
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Figure 27 – The SEM images for spray coated TCEs were obtained at different mass ratio of
rGO and GO with 60:1 mass ratio of FMWCNTs/PVP. (a) The SEM images for 6:60:1 mass
ratio of rGO/FMWCNTs/PVP, (b) 2:60:1 mass ratio of rGO/FMWCNTs/PVP, (c) 1.2:60:1
mass ratio of rGO/FMWCNTs/PVP, and (d) 1.2:60:1 mass ratio of GO/FMWCNTs/PVP.
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The surface homogeneity of TCEs prepared in this experiment were excellent. Ac-
cording to the SEM images in figure 27, a bunch of spaghetti structured MWCNTs
is showing a good conductive surface on TCEs. A low amount of PVP clouds with a
small amount of GO or rGO were representing their presence on the TCEs. Green
color circles in figure 27(a) indicated the rGO flakes on the TCEs. In addition, PVP
can be seen as a cloud over the TCEs which was indicated by blue circles in figure 27(a).
Besides, the GO flakes were represented by the teal color circles on TCEs as shown in
figure 27(d). Moreover, some impurities were determined on TCEs that were indicated
as the orange color circles on the SEM images. In addition, the transparency spec-
trums for spray coated TCEs i.e. glass substrate, glass/PVP, glass/PVP/FMWCNT,
glass/PVP/FMWCNT/GO, and glass/PVP/FMWCNT/rGO is showing here in
figure 28.

Figure 28 – Shows the normalized transparency spectrum for glass substrate, glass/PVP,
glass/PVP/FMCNT, glass/PVP/FMCNT/GO, and glass/PVP/FMCNT/rGO samples where
the solution was taken as 200µL.

According to figure 28, the transparency spectrum for glass and glass/PVP were
shown as blue and red color lines. In addition, the transparency spectrum lines for
glass/PVP/FMWCNT, glass/PVP/FMWCNT/GO, and glass/PVP/FMWCNT/rGO
were indicated as green, violet and orange color lines respectively. It should be noti-
fied that the TCEs made by GO exhibited better transparency than the TCEs made
by rGO.
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Figure 29 – (a) shows the drop casted TCEs and (b) the spray coated TCEs.

Finally, the experimentally prepared drop casted TCEs and spray coated TCEs are
shown here in figure 29. In addition, the drop casted TCEs are presented here in
figure 29(a). The ratio of MWCNTs/PVP was 60:1 on glass substrates that was
indicated quite homogeneous surface for both drop casted and spray coated methods.
But adding with small ratio of GO or rGO with 60:1 ratio of MWCNTs: PVP
provided an in-homogeneous film surface for the drop casted TCEs. In contrast, the
spray coated TCEs in figure 29(b) are represented excellent homogeneous coated
surface on glass substrates that was made by adding GO or rGO with 60:1 ratio of
FMWCNTs:PVP.
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5 Discussion

In this project, acid treated FMWCNTs were prepared where the control factors were
selected such as the concentration of HNO3, time of reflux and reflux temperature.
According to the literature study,23 the reflux time is an important control factor
which has huge impact on the production of FMWCNTs. So, the reflux time could
be changed to obtain highest electrical conductivity of TCE where the reflux time in
this experiment was 4 h. PVP was the selected polymer matrix due to having better
water solubility characteristics. According to literature study, the small flakes of rGO
can cover the FMWCNTs junction over whole TCE and that can decrease the TCE’s
sheet resistance. But the flakes size were quite big in the TCE which was recognized
in the SEM images of TCEs. And this was a reason to get not as much lowered sheet
resistance of TCEs. The variation of sheet resistance and transparency measurement
was measured regarding different ratio of rGO/FMWCNTs/PVP as shown in table 1
and table 3 for both drop casted and spray coated TCEs in appendix A.

The TCEs prepared by using spay coating method was quite easier than drop
casting method. Drop casting method was quite tricky to prepare TCEs in comparison.
Furthermore, the drying process of drop casted TCEs was more difficult than spray
coated TCEs in . In addition, the surface ofdrop casted TCEs as shown in figure
24(b) [black color circle in figure 24(b)]. Moreover the GO flakes on TCEs was quite
bigger than rGO as shown in the SEM image [figure 24(b)) and 24(c)] due to the
reduction process of GO where the small flakes of rGO were created by introducing
more defects in GO. It was also observed in figure 28 that the TCEs were made by
rGO was quite darker than the TCEs that was prepared by GO. Although, nearly
the same observation for sheet resistance and transparency were found in both drop
casting and spray coating method, the spray coating method was more suitable to
fabricate TCEs in large scale having smooth and homogeneous TCEs surface.
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6 Conclusion

This project was successfully completed by preparing drop casted and spray coated
TCEs where the spray coated method was quite appropriate to fabricate TCEs by
observing their sheet resistance and transparency. SEM image of difference TCEs
samples shows the consistency of FMWCNTs, GO, rGO and polymer matrix on
the samples. At the beginning of this experiment, carboxyl functionalization of
MWCNTs were produced and the FMWCNTs sample (having D/G = 1.23 peak
ratio) was taken for further experimental works due to good dispersion property
of FMWCNTs in the solvent and low sheet resistance property of TCEs due to
FMWCNTs. Water and ethanol as a relatively volatile solvent are suitable for spray
coating. The sheet resistance and transparency were measured for drop casted and
spray coated TCEs where the spray coated method was better method than the drop
casted method due to easy fabrication by a large scale fabrication with smooth and
homogeneous TCEs surface. Although extra caution was taken, the sheet resistance
of TCEs was not low enough due to the waste of ink solution at the time of spray
coating. According to experimental results from the spray coating method, the sheet
resistance was measured as 7727 Ω/� and the transparency was 77% for 60:1 mass
ratio of FMWCNT/PVP with 0.02 mg FMWCNTs, meanwhile the sheet resistance of
prepared TCE was 7807 Ω/� and the transparency was 71% for drop casted TCE. In
contrast, the sheet resistance of spray coated TCE was 5961 Ω/� and transparency
was 73% for 1.2:60:1 mass ratio of rGO/FMWCNTs/PVP with 0.02mg of FMWCNTs.
Finally, it can be say that the spray coated TCE is easy to be fabricated but causing
the waste of ink in case of low scale production. In addition, a low mass ratio of
rGO have reduced the sheet resistance of TCEs by adding with FMWCNTs/PVP to
fabricate TCEs.
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7 Furture works

The aim of this project work was to prepare TCEs having low sheet resistance and
high transparency as much as possible by using rGO/FMWCNTs with PVP matrix.
A further work on functionalization process could provide much lower sheet resistance
with higher transparency TCEs. Moreover, different functionalization methods will
be applied in terms of reducing hazardous waste and time consumption. In addition,
other solvents instead of water will be applied to get a ink solvent that could give
better results. Furthermore, the functionalized SWCNT could provide the expected
low sheet resistance with high transparency measurement for spray coated TCEs as
well.

The fundamental mechanism of synergy between rGO and CNTs needs more
investigation more which improves the conductivity of TCEs. The earlier studies
showed the effect of the rGO covering the junctions of CNTs where the flakes size
of rGO should be more precise to cover most of the CNT junction of TCEs. But
the flakes size of rGO was quite big in this experimental project which implies that
more experimental works are needed to achieve the small size rGO.
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Appendix A 
 

Table 1: Drop casting for FMCNT/rGO/𝑯𝟐𝑶 

 Sheet resistivity in Ω/ם Transparancy T at 550nm wavelength in % 

Ink solution 
(FMWCNT 
loading)      

100μL 
(0.01 
mg) 

200 μL 
(0.02 
mg) 

300 μL 
(0.03 
mg) 

400μL 
(0.04 
mg) 

500 μL 
(0.05 
mg) 

100 μL 
(0.01 
mg) 

200 μL 
(0.02 
mg) 

300 μL 
(0.03 
mg) 

400 μL 
(0.04 
mg) 

500 μL 
(0.05 
mg) 

FMCNT/PVP 
60:1 

(Sample 74) 

Out of 
range 

7677 
6919 
8046 
8588 

4407 
3825 
3972 
4073 

2489 
2441 
2571 
2875 

1763 
2340 
2243 
2467 

77.26 
80.13 

69.76 
72.13 

61.64 
61.61 

54.52 
52.5 

49.76 
49.8 

Average 
Standard 
deviation 

 7807.5 
700.60 

4069.2 
247.12 

2594 
194.87 

2203.25 
307.49 

78.695 
2.029 

70.945 
1.675 

61.625 
0.021 

53.51 
1.428 

49.78 
0.028 

GO/FMCNT/P
VP 

6:60:1 
 (Sample  90) 

Out of 
range 

11417 
9852 

10159 
11500 

4815 
4204 
4907 
6670 

 
 

 
 

88.02 
86.45 

73.00 
72.28 

63.18 
59.02 

  

Average 
Standard 
deviation 

 10732 
848.877 

 

5149 
1060.9 

 

  87.235 
1.11 

 

72.64 
0.50 

 

61.1 
2.94 

 

  

GO/FMCNT/P
VP 

1.2:60:1 
 (Sample  91) 

Out of 
range 

10061 
12877 
9665 

10805 

4846 
3808 
5190 
5671 

 
 

 
 

84.71 
88.63 

75.94 
77.43 

63.95 
63.75 

 

  

Average 
Standard 
deviation 

 10852 
1430.32 

4878.75 
789.96 

 

  86.67 
2.7718 

 

76.685 
1.0535 

 

63.85 
0.14 

 

  

rGO/FMCNT/
PVP 

6:60:1 
 (Sample 79) 

Out of 
range 

5470 
5447 
4211 
4340 

3750 
3213 
3778 
4059 

 
 

 
 

78.44 
78.78 

63.17 
78.03 

52.94 
56.04 

  

Average 
Standard 
deviation 

 4867 
685.097 

 

3700 
353.38 

 

  78.61 
0.24 

 

70.6 
10.50 

 

54.49 
2.192 

 

  

rGO/FMCNT/
PVP 

2:60:1 
 (Sample  96) 

Out of 
range 

5880 
4396 
4144 
5112 

3828 
4168 
4303 
3916 

  80.62 
78.35 

67.97 
61.42 

56.85 
57.88 

  

Average 
Standard 
deviation 

 4883 
780.96 

 

4053.75 
219.93 

 

  79.485 
1.605 

64.695 
4.63 

57.365 
0.7283 

  



 

 

rGO/FMCNT/
PVP 

1.2:60:1 
 (Sample 80) 

11381 
14631 
14482 
10790 

4731 
5090 
5857 
4427 

4390 
3622 
3593 
3430 

 
 

 
 

84.27 
78.88 

65.01 
66.10 

57.26 
50.14 

  

Average 
Standard 
deviation 

12821 
2019 

 

5026.25 
616.57 

 

3758.75 
429.23 

 

  81.575 
3.81 

 

65.555 
0.77 

 

53.7 
5.0346 

 

  

rGO/FMCNT/
PVP 

0.75:60:1 
 (Sample  97) 

Out of 
range 

6155 
6872 
5060 
5309 

4311 
4539 
4423 
3671 

  85.25 
80.7 

65.54 
69.79 

62.37 
59.98 

  

Average 
Standard 
deviation 

 5849 
827.50 

 

4236 
387.998 

 

  82.975 
3.217 

 

67.665 
3.005 

 

61.175 
1.68 

 

  



Table 2: Spray coating for different ratio of 𝑯𝟐𝑶:EOH 

 

 

 

Ink solution  

(FMWCNT loading)  

Sheet resistivity in Ω/ם Transparency T at 550nm wavelength in % 

200 μL 

(0.02 

mg) 

300 μL 

(0.03 

mg) 

400 μL 

(0.04 

mg) 

600 μL 

(0.06 

mg) 

200 μL 

(0.02 

mg) 

300 μL 

(0.03 

mg) 

400 μL 

(0.04 

mg) 

600 μL 

(0.06 

mg) 

FMCNT/PVP/(H2O/EOH) 

60:1/(0:100) 

(Sample 110-11) 

9727 

9069 

9466 

6381 

7672 

5533 

5202 

3877 

4012 

4590 

3873 

4213 

4553 

3551 

3377 

2105 

2318 

2466 

2976 

2769 

75.03 

74.87 

65.71 

55.19 

61.90 

60.40 

49.29 

47.99 

Average 
Standard deviation 

8463 
1408.132 

4642.8 
723.24 

3913.4 
479.46 

2526.8 
348.443 

74.95 
0.1131 

60.45 
7.4388 

61.15 
1.0607 

48.64 
0.9192 

FMCNT/PVP/H2O/EOH 

60:1/(10:90) 

(Sample  113-11) 

7062 

6269 

6103 

5937 

7441 

3880 

3781 

4260 

3842 

4164 

2934 

2965 

2871 

3120 

3074 

1863 

1817 

1781 

1837 

1716 

73.31 

73.12 

62.25 

62.12 

59.22 

58.10 

43.18 

42.63 

Average 
Standard deviation 

6562.4 
653.79 

3985.4 
212.58 

2992.8 
102.27 

1802.8 
57.02 

73.215 
0.1344 

62.185 
0.0919 

58.66 
0.792 

42.905 
0.3889 

FMCNT/PVP/H2O/EOH 

60:1/(20:80) 

(Sample  111-11) 

9813 

7581 

7660 

7477 

9480 

3421 

3242 

3305 

3690 

4410 

3920 

2530 

2467 

2432 

2640 

1667 

1568 

1555 

1631 

1618 

82.11 

79.24 

72.73 

75.20 

68.38 

68.43 

57.44 

58.21 

Average 
Standard deviation 

8402.2 
1143.813 

3613.6 
477.1 

2797.8 
632.3 

1607.8 
46.149 

80.675 
2.0294 

73.965 
1.75 

68.405 
0.0354 

57.825 
0.5445 

FMCNT/PVP/H2O/EOH 

60:1/(30:70) 

(Sample 112-11) 

8271 

7152 

6986 

7596 

8642 

3867 

3012 

2812 

2706 

3690 

2438 

2131 

2151 

2275 

2899 

1361 

1400 

1419 

1430 

1496 

76.64 

78.90 

73.55 

71.71 

63.99 

63.74 

52.73 

54.13 

Average 
Standard deviation 

7727.4 
712.39 

3217.4 
527.59 

2378.8 
315.51 

1421.2 
49.373 

77.77 
1.598 

72.63 
1.3011 

63.865 
0.1768 

53.43 
0.9899 



Table 3: Spray coated printing using 𝑯𝟐𝑶/EOH (30:70) 

 

 

Ink solution 

 (FMCNT loading)   

Sheet resistivity in Ω/ם Tranparancy T at 550nm wavelength in % 

200 μL 

(0.02 

mg) 

300 μL 

(0.03 

mg) 

400 μL 

(0.04 

mg) 

600 μL 

(0.06 

mg) 

200 μL 

(0.02 

mg) 

300 μL 

(0.03 

mg) 

400 μL 

(0.04 

mg) 

600 μL 

(0.06 

mg) 

FMCNT/PVP 

60:1 

(Sample 112-11) 

8271 

7152 

6986 

7596 

8642 

3867 

3012 

2812 

2706 

3690 

2438 

2131 

2151 

2275 

2899 

1361 

1400 

1419 

1430 

1496 

76.64 

78.90 

73.55 

71.71 

63.99 

63.74 

52.73 

54.13 

Average 
Standard deviation 

7729.4 
712.39 

3217.4 
527.59 

2378.8 
315.51 

1421.2 
49.373 

77.77 
1.5981 

72.63 
1.3011 

63.865 
0.1768 

53.43 
0.9899 

GO/FMCNT/PVP 

6:60:1 

Or 

GO/FMCNT 

1:10 

(Sample119-1) 

 

9875 

8945 

9144 

12158 

10528 

7141 

5787 

5024 

6088 

6975 

4114 

3910 

3719 

4273 

7879 

1879 

2011 

1908 

1918 

2853 

80.94 

81.63 

74.99 

76.26 

71.05 

72.20 

59.28 

57.47 

Average 
Standard deviation 

10130 
1295.44 

6203 
873.52 

4779 
1745.5 

2113.8 
416.175 

81.285 
0.4879 

75.625 
0.898 

71.625 
0.8132 

58.375 
1.28 

GO/FMCNT/PVP 

1.2:60:1 

Or 

GO/FMCNT  

1:30 

(Sample  120-1) 

 

10528 

11024 

8840 

11151 

12420 

6357 

6519 

6266 

6844 

7948 

4671 

3823 

3507 

4022 

4180 

2321 

1889 

1882 

1926 

2040 

77.98 

76.36 

74.33 

74.30 

65.79 

63.84 

51.51 

53.27 

 

Average 
Standard deviation 

10792.6 
1295.48 

6786.8 
685.44 

4040.6 
432.8 

2011.6 
184.18 

77.17 
1.1455 

74.315 
0.0212 

64.815 
1.3789 

52.39 
1.2445 



rGO/FMCNT/PVP 

6:60:1 

Or 

rGO/FMCNT  

1:10 

(Sample 121-1) 

 

6264 

6140 

5328 

6410 

6231 

4657 

5137 

5324 

5671 

6007 

2640 

2746 

2559 

2489 

2808 

1463 

1377 

1406 

1423 

1541 

77.53 

78.08 

71.54 

72.05 

66.05 

65.20 

51.91 

53.71 

Average 
Standard deviation 

6674.6 
519.354 

5159.2 
375.82 

2648.4 
130.83 

1442 
63.49 

77.805 
0.3889 

71.795 
0.3606 

65.625 
0.601 

52.81 
1.2728 

rGO/FMCNT/PVP 

2:60:1 

Or 

rGO/FMCNT  

1:30 

(Sample  122-1) 

 

8043 

6989 

6480 

7082 

7452 

4051 

3132 

3822 

4302 

5660 

3123 

2802 

2609 

2695 

2578 

1453 

1399 

1341 

1422 

1555 

76.49 

75.66 

72.09 

68.80 

65.37 

63.57 

51.61 

52.22 

Average 
Standard deviation 

7209.2 
581.07 

4193.4 
928.37 

2761.4 
220.04 

1434 
79.09 

76.075 
0.59 

70.445 
2.3264 

64.47 
1.2728 

51.915 
0.4313 

rGO/FMCNT/PVP 

1.2:60:1 

Or 

rGO/FMCNT  

1:50 

(Sample 123-1) 

 

6622 

5967 

5624 

5068 

6525 

3552 

3249 

2979 

3097 

4381 

2224 

2010 

1980 

1918 

2252 

1349 

1399 

1229 

1318 

1660 

74.99 

71.71 

63.95 

64.04 

57.36 

58.75 

47.77 

48.34 

 

Average 
Standard deviation 

5961.2 
645.3818 

3451.6 
562.14 

2076.8 
151.17 

1391 
162.6053 

73.35 
2.3193 

63.995 
0.0636 

58.055 
0.9829 

48.055 
0.4031 

rGO/FMCNT/PVP 

0.75:60:1 

Or 

rGO/FMCNT  

1:80 

(Sample  124-1) 

7261 

6514 

6306 

7046 

8409 

4529 

3843 

3788 

4100 

4385 

2688 

2290 

2192 

2143 

2261 

1746 

1852 

1736 

1677 

2025 

75.74 

77.33 

68.83 

68.95 

61.61 

62.19 

54.75 

52.05 

Average 
Standard deviation 

7107.2 
823.998 

4129 
325.75 

2314.8 
216.44 

1807.2 
137.1229 

76.535 
1.1243 

68.89 
0.0849 

61.9 
0.4101 

53.4 
1.9092 
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