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Abstract: Transparent conductive films are fundamental materials, currently used in several fields.
Recently, due to their unique multifunctional properties, composite materials have started to be used
in place of fluorine tin oxide and indium tin oxide in transparent conductive electrodes. However,
the production of composite materials is still complicated and involves toxic chemicals. Through a
simple and environmentally-friendly method, we synthesized new composite materials—conductive,
transparent, and flexible films—that can be applied to the production of modern optoelectronic
devices. An even dispersion of the nanoparticles was achieved by ultrasound excitation. Moreover,
a series of morphological and structural investigations were conducted on the films by scanning and
transmission electron microscopy, electrical conductivity, Raman spectroscopy, X-ray diffraction and
testing their sheet resistance. The results indicated that the tested composite materials were ideal
for film coating. The nanofluids containing multi-walled carbon nanotubes presented the highest
electrical conductivity; nevertheless, all the composite nanofluids tended to have relatively high
electrical conductivities. The flexible films with composite structures presented lower sheet resistances
than those with single structures. Finally, the hybrid materials showed a higher transmittance.

Keywords: nanocomposites; film; transparent; nanofluids; binder

1. Introduction

Transparent conductive films (TCFs) have been widely applied to various devices (e.g., touchscreen
panels (TSP), liquid crystal displays, e-papers, thin-film type solar cells, flexible displays) [1-6].
TCFs possess both optical transparency and good electrical conductivity; hence, they have recently
emerged as important materials in the optoelectronic field. Many types of TCFs exist nowadays;
however, fluorine tin oxide (FTO) and indium tin oxide (ITO) have been the most commonly used, due
to their high transparencies, electrical conductivities, and chemical stabilities [7-12]. Unfortunately,
TCFs based on ITO have a relatively high cost (indium is a rare-earth resource), and TCFs based on
FTO have structural defects (e.g., voids forming between the film and its substrate during deposition)
that decrease their electrical conductivity. In order to overcome the manufacturing cost of these TCFs
and the faults of FTO-based TCFs, many researches have investigated alternative materials to the
conventional ITO and FTO [13,14].

Semi- and non-transparent conductive materials made from carbon nanotubes (CNTs), metallic
nanostructures, graphene (GN), or their derivatives have been widely considered as feasible substitutes
for ITO and FTO [15-24]. Among these, composite materials based on GN and Ag nanoparticles (AgNPs)
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or CNTs, characterized by outstanding chemical stability, have been investigated as the dominant
candidates due to their unusual properties [25-27]. In fact, the structure of GN can be described as a
two-dimensional extended honeycomb network containing sp?-hybridized carbon atoms [28] and is
characterized by high electron mobility [29], excellent mechanical-chemical properties [30], and high
thermal conductivity [31]. CNTs possess outstanding chemical, optical, electrical and mechanical
properties [32-36]; moreover, AgNPs have been applied to many research fields (e.g., for antibacterial
applications, to heat-transfer fluids, transparent conductive electrodes (TCEs), solar cells) due to their
exceptional properties (e.g., high conductivity, transparency and a special plasmonic effect) [21,37-39].
Therefore, CNTs and AgNPs are very promising materials for TCFs.

With the aim of creating a transparent conductive thin film deposition, while avoiding high-cost,
time-consuming, complicated processes that involve the use of toxic chemicals, some studies have
researched the characteristics of single materials (i.e., GN, AgNPs, CNT) [40-43]. Other studies have
instead focused on composites of these materials, with the aim of reaching novel synergistic properties.
Such composite materials have in fact showed advantageous properties: high electrical conductivity,
stability, and transparency [44—48]. The creation of a conductive film on a substrate, by drying a
nanofluid containing GN, AgNPs and CNT nanoparticles, is quite challenging, requiring innovative
solutions to reduce cost and time consumption, the use of toxic chemicals and the complicated
process [49,50]. The main obstacle appears to be the tendency of GN, AgNPs and CNT nanoparticles
to agglomerate in water, which is caused by their hydrophobic surfaces, used to coat nanoparticles on
a substrate by drying a nanofluid.

In this study, we applied the wet grinding method in order to mitigate the agglomeration effect,
and the ultrasonication method to ensure an even dispersion of the nanoparticles during the preparation
of a nanofluid. The hybrid materials were synthesized in an aqueous solution using the pulse power
wire evaporation (PWE) method [51] and then combined with flexible films by coating them with
polyvinylidene fluoride (PVDEF). The thickness of the films was adjusted by adding drops of hybrid
material solution. Here, we also describe a simple procedure for the coating of CNTs or GN with
AgNPs on flexible films. Several devices were used to characterize the morphology and structure of
the final films.

The main investigation of this study was to evaluate the sheet resistances and the electrical
conductivities of single-structure films. The composite TCFs had noticeably great characteristics
compared to the TCF with a single material. In this paper, we discussed our results in view of the
potential applications of these composite materials to the production of conductive films.

2. Materials and Methods

The transparent conductive film used in this study was prepared in the laboratory. The surface
of the transparent film was made conductive through the following process: (1) the nanoparticles
and the base liquid for the GN and multi-walled CNT (MWCNT) nanofluids were prepared; (2) the
GN and MWCNT nanoparticles were grinded to increase their specific surface; (3) the nanofluids
were prepared by separately mixing the GN and the MWCNT with a base fluid; (4) an Ag wire was
evaporated through the PWE method (i.e., pulsed wire explosion); (5) the nanofluids containing AgNPs
were completely evaporated to obtain well-distributed and well-mixed dried particles; (6) the obtained
particles were dissolved in a N-methyl pyrrolidone (NMP) solution mixed with PVDF powder; (7) the
NMP nanofluid was evenly dropped on the surface of a transparent film and left to dry naturally at
room temperature. The following subsections describe in detail the process followed to prepare the
transparent conductive film.

2.1. Nanofluid

The base liquid for the nanofluid was prepared using pure water. This water, obtained from
a membrane-type pure water maker (RO 130, Rowafil, Venray, Netherlands), had <10 ppm of total
dissolved solids (TDS). For the preparation of the GN nanofluid, a GN nanopowder (99.9% pure)
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was purchased from a USA GN supermarket. The nanopowder was composed of 8-nm flakes
(20-30 monolayers), with an average lateral size of about 550 nm and a specific surface area of 100 m?/g.
For the CNT nanofluid, we used raw MWCNT nanoparticles with diameters of 20 nm and lengths of
~5 um, produced by Carbon Nanomaterial Technology Co., Ltd. (Gyongju, South Korea).

The nanopowder, supplied in a bottle, was partly agglomerated. We increased the specific area of
the nanoparticles by grounding the nanopowder with a planetary ball milling (PBM) device (HPM-700,
Haji Engineering, South Korea), before dispersing it in pure water. The nanopowder sample was
ground at a grinding speed of 500 rpm under wet conditions for 1 h, employing mono-sized (3.0 mm)
spherical zirconia (ZrO,) balls. This grinding method is an effective way for making a wide surface
area, thereby significantly reducing the agglomeration of the nanopowder [52]. However, there is
no need to describe the details of the grinding process because it can be referred to from many other
studies [53,54].

To ensure an even dispersion of the ground nanoparticles within the base liquid, the nanofluid
was processed with an ultrasonic exciter (Branson Ultrasonic Corporation 41, Danbury, CT, USA).
Garg et al. [55] reported that the maximum thermal conductivity enhancement was obtained by
applying ultrasonic excitation for 40 min; interestingly, the thermal conductivity of the nanofluid
was decreased by prolonging the treatment over 40 min. In previous studies [53,54], the ground
nanopowder was dispersed into pure water; then, in order to split the coalesced particles in the liquid,
the resulting nanofluid was processed with an ultrasonic exciter for 40 min. Our hybrid nanofluid was
instead prepared by mixing the base liquid, carbon particles, and metal particles, using an Ag wire
with a diameter of 0.2 mm (Nano Technology Inc., Daejeon, South Korea). The AgNPs were dispersed
into the previously prepared nanofluid through the PWE method, which can be used to achieve a
homogeneous dispersion of nano-scaled particles in a liquid (Figure 1).

M Metal wire heating in liquid

Metal wire Evaporation in liquid_

(b)

Figure 1. Principle of the pulse power wire evaporation (PWE) method. The charging voltage used

to evaporate the metal wire should be adjusted according to the wire material. (a) Machine used to
perform the pulse power wire evaporation (PWE) method; (b) principle of the PWE method.

The PWE method was able to produce the nanofluid containing the nanosized metallic particles
as follows: (1) a high-voltage direct current (DC) was supplied to a metal wire submerged in liquid;
the metal wire was heated up and evaporated in a liquid; (2) the evaporated metallic particles were
cooled and suspended in liquid metal [51]. As the PWE method requires low energy and does not
produce by-products, it can be considered an eco-friendly process for the production of nanosized
metallic particles uniformly distributed in a liquid.

2.2. Hybrid Nanoparticles

For the hybrid nanofluid mixed with the carbon-based and Ag particles, the weight ratio of GN
(or MWCNTs) and AgNPs (1:2) was adopted in accordance with a previous study [46], which described



Coatings 2019, 9, 499 40f12

it as the ratio providing the highest TCF performance. The hybrid nanofluid was stirred to reduce
the amount of water, while maintaining the homogeneous mixture of nanoparticles, using a magnetic
stirrer (hot plate stirrer, SMSH-20A, Scilab Korea, Ltd., Seoul, South Korea).

As shown in the schematic diagram of Figure 2, the plate temperature of the magnetic stirrer
was controlled by an electrical heater, which was installed inside the plate. After setting the plate
temperature to ~60 °C and the magnet rotation velocity to 30 rpm, the drying process was completed
in ~10 h. As Ag is a non-magnetic material, the AgNPs did not stick to the magnet during the
drying process.

— Hybrid nanofluid

— Rotating magnet

1 Magnetic stirrer
Electric heater
Primary magnet
L]
@)
(b)

Figure 2. (a) Photo of the magnetic stirrer (al) and the rotating magnet (a2); (b) schematic diagram.

Most of the nanofluid water evaporated within 10 h and we obtained the wetted hybrid
nanoparticles. The slow pace of the drying process prevented any agglomeration of the particles
during water evaporation. Finally, the wetted nanoparticles were completely dried in an electrical
furnace (Mulffle basic model, Dongwon Scientific Co., Seoul, South Korea) set at 250 °C for 30 min.
Figure 3 shows a photo of the dried nanoparticles.
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Figure 3. Photo of the dried nanoparticles. (a)-MWCNT, (b)-Gr, (c)-Ag, (d)-Gr/Ag, (e)-MWCNT/Ag,
(£)-MWCNT/Gr/Ag.

2.3. Conductive Transparent Film

To bond the nanoparticles on the transparent film, we used the PVDF powder as a binder: this is
a polymeric material characterized by high thermal and electrochemical stabilities, as well as good
adhesive strength. To be used as the adhesive for nanoparticles, the PVDF powder should be dissolved
into a solvent and then well mixed with the nanoparticles. In this study, we first mixed the nanoparticles
with the NMP solvent and then added the PVDF powder into the solvent, as the NMP solution was
hydrophilic and well mixed with water [56].
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To prepare the conductive transparent film, a flexible polyethylene terephthalate (PET) film was
submerged into liquid ethanol and subjected to ultrasonication for 20 min. Afterward, the PET film was
dried in a furnace at 50 °C in order to remove any potential surface contamination. The cleaned film
was then decorated by an appropriate number of drops for each prepared nanofluid sample. The drop
number (1 mg/mL) was used for the evaluation of the thickness of the composites. The decorated PET
films were finally dried at room temperature.

According to Wen et al. [57], embedding of AgNPs to the nanoparticles significantly improved their
homogeneous dispersion and reduced their agglomeration by increasing the distance between pristine
nanoparticles. The improved dispersion of the nanoparticles was confirmed through transmission
electron microscopy (TEM, JEM-2100 F, JEOL, Tokyo, Japan) observations.

The morphological structures of the dried nanoparticles are shown in TEM micrographs in Figure 4.
Panels a and b show the pristine GNs and MWCNTs, respectively, while panel c shows the AgNPs
(produced in pure water using the PWE method, and then dried). Panels d—f show the AgNPs attached
to GN, MWCNT, and hybrid nanoparticles, respectively. By comparing these latter panels with panel c,
it appears that the AgNPs were well attached to the other three types of nanoparticles.

Figure 4. Micrographs of our samples: (a) graphene (GN); (b) multi-walled C nanotubes (MWCNTs);
(c) Ag nanoparticles (AgNPs); (d) GN-AgNPs; (e) MWCNTs-AgNPs; (f) GN-MWCNTs-AgNPs.
The AgNPs in (c) were produced in pure water using the PWE method.

2.4. Characterization

The structural characteristics were assessed with an X-ray diffractometer (XRD, D8 Advance
powder diffractometer, Bruker AXS, Billerica, MA, USA), using a Cu K« radiation of A = 1.5406 A
of 100 to 900. Moreover, the defects of GN and MWCNTs after the introduction of the AgNPs were
analyzed with a Raman spectrometer (Labram HR800 (Horiba France SAS, Longjumeau, France)
installed at the Central Research Facilities of Gyeongsang National University (Chinju, Korea)), using a
514-nm argon-ion laser (ranging between 1200-1800 cm™'), The transmittance and sheet resistance of
the samples were instead measured using an UV (ultraviolet) spectrophotometer (X-ma 3000 Series
Spectrophotometer, Human Co., Ltd., Busan, Korea) and a sheet resistance measurement system
(CMT-SR1000N, AIT Co., Ltd., Suwon, Korea). For all the measurements, tests were recorded within
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three days and each was carried out three times in the same way. However, no significant difference

was found in any experiment.
3. Results and Discussion

3.1. Morphological Surface Analysis of the MWCNTs

The XRD patterns of the pristine GN, AgNPs, MWCNT and of their hybrids, are displayed
in Figure 5. The crystalline plane peaks (002), (101), (004), (110) and (112) of GN were depicted at
20 = 26.5°,44.6°, 54.6°, 77.6° and 83.8° in the XRD pattern of the pristine GN, respectively [53], while
the crystalline plane peaks (002) and (100) of the MWCNTs were depicted at 20 = 25° and 43° [57,58].
In addition, the crystalline plane peaks (110), (200), (220), (311) and (222) of the AgINPs were identified
at 20 = 38.3°, 44.4°, 63.5°, 77.7° and 81.6°, respectively [59,60]. Apparently, all the crystalline plane
peaks of the single-structure surfaces were identified in the XRD pattern of their hybrid; furthermore,
the AgNPs were successfully associated with the single-structure surfaces.
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Figure 5. XRD patterns of pristine GN, MWCNT, AgNPs and their hybrids.

Raman spectroscopy has historically played an important role in defining the structural
characteristics (e.g., qualities, structural defects) of graphitic materials. Moreover, it has become
a useful tool to understand the behavior of electrons and phonons in GN and to better understand
GN in general [61-64]. We performed Raman spectroscopy measurements to confirm the results of
the XRD measurements. The main peaks of graphite (i.e., D and G) were observed at ~1350 and
1580 cm~! in the Raman spectra of all composites (Figure 6), indicating that the single-structure
surfaces were synthesized successfully. The assignment of the D and G peaks was straightforward in
the “molecular” picture of the carbon materials. The intensity ratio of the D and G bands (Ip/Ig) is
usually considered to identify structural defects and purity [64]. These two bands are present in all
poly-aromatic hydrocarbons [65]: the G peak derives from the bond stretching between all pairs of
sp? atoms (disposed in rings and chains), while the D peak derives from the breathing modes of sp?
atoms (disposed in rings) [66]. The Ip/I intensity for the pristine GN was equal to 0.53, while for the
MWCNTs it was 0.93. Furthermore, the Ip/I intensities for the GN-AgNPs, MWCNTs-AgNPs and
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GN-MWCNTs-AgNPs were 0.87, 1.11 and 0.98, respectively, and they increased compared to those of
the respective single-structure materials, due to some structural changes (e.g., local defects, disorders).
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Figure 6. Raman spectra of the pristine GN, pristine MWCNTs, GN-AgNPs, MWCNTs-AgNPs
and GN-MWCNTs-AgNPs.

3.2. Material Transmittance

The transmittance of the films was investigated using a UV/VIS (UV-visible) spectrophotometer.
This spectrophotometer provides information on the transparency of films in relation to different
wavelengths. It is capable of analyzing a wide range of wavelengths (190-1100 nm) and photometric
(0.3 to 3.0 A/0 to 9999 C) ranges; moreover, it has a high photometric accuracy and repeatability.
The transmittance results are shown in Figure 7. After the introduction of the AgNPs, we recorded

mostly higher transmittance values. Therefore, it seems that the transparent film with AgNPs was
successfully applied to the TCF.
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Figure 7. Transmittance of the coated films.
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3.3. Electrical Conductivity

Electrical conductivity is a unique property for electromechanical and microelectronic devices.
In this study, we tested the electrical conductivity of the fluids with nanoparticles. Before the
measurement, we performed a calibration using standard potassium chloride solutions (1.41 and
12.86 uS/cm, respectively). Figure 8 shows the electrical conductivity of the nanofluids at a concentration
of 0.1 wt.% for each sample. The nanofluids containing MWCNTs presented the highest electrical
conductivities; additionally, the electrical conductivities of the composites containing AgNPs were
higher than those of the single GN and AgNP solutions. Overall, the hybrid materials tend to have
good electrical conductivities.
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Figure 8. Electrical conductivities of the nanofluids (0.1 wt.%).

3.4. Sheet Resistance Performance

Following the results described in the previous section, we investigated the possible practical
applications for sheet resistance performance. The sheet resistances of the samples were compared and
the TCF thickness was adjusted considering the same drop number. The hybrid films containing Ag
showed remarkably lower sheet resistances than the other films (Table 1). Overall, the hybrid films
generally demonstrated high transparency and electrical conductivity.

Table 1. Sheet resistance of films coated with different materials.

Materials Sheet Resistance (m€)/sq)
GN 44,000
GN-MWCNT 1000
GN-AgNPs 11.5
MWCNT-AgNPs 700
GN-MWCNT-AgNPs 0.4

4. Conclusions

Because the applications of transparent conductive films to IT technologies are rapidly expanding,
improving their performance is very important and urgently required. In this experimental study, we
aimed at increasing the electrical conductivity of a transparent conductive film by applying AgNPs,
as well as the single nanoparticle structures of GN, MWCNT, and their hybrid (GN + MWCNT).
The functional performances of the combined nanoparticle structures containing AgNPs were compared
to those of the pristine films based on their electrical conductivities, sheet resistances, and transmittances.
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Additionally, we evaluated the morphological and structural characteristics of the composite materials.
As mentioned in Section 2, the preparation of our test specimens was conducted by applying a simple,
environmentally-friendly, and convenient method.

The XRD and Raman spectra analyses confirmed that the AgNPs were well integrated into the
single and hybrid nanostructures. The electrical conductivity measurements indicated that the hybrid
fluid containing AgNPs had a higher electrical conductivity than the other solutions, while it has a
lower electrical conductivity than the pristine MWCNT solution. Additionally, we demonstrated that
the GN film containing AgNPs had the highest transmittance (~60%).

Both the electrical conductivity and transmittance of the carbon thin film were improved by
introducing AgNPs (Figures 7 and 8). Because a transparent conductive film should possess both
high electrical conductivity and transmittance, these two characteristics should not be traded off.
Our experimental study demonstrated that the tested hybrid films, containing AgNPs, presented the
highest electrical conductivity and transmittance (~50%). Notably, this study was carried out using
only one mass ratio of AgNPs; therefore, the performances of these hybrid films might be improved by
changing the AgNP ratio.
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