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Conductive inks made of graphene-like materials have attracted significant
attention due to their extraordinary electrical properties. In this study, three
different types of graphene-like materials, namely, graphene foam (GF),
graphite nanoplatelets (GNPs) and synthetic graphite (SG), are utilized to
fabricate conductive inks for printable flexible electronics applications. The
results show that GF exhibits the highest surface area and pore volume, while
GNPs and SG display large lateral sizes, highly crystalline structures and
high-quality particles. In addition, the quality of the sprayed patterns are
mainly influenced by the properties of graphene-based inks. The properties of
conductive inks made from various graphene-like materials, including the
viscosity, contact angle and surface energy, are investigated. The viscosity and
contact angle of the conductive inks increase markedly with increasing filler
loadings in a polyester varnish (PV) binder. Based on the electrical conduc-
tivity of unfilled PV, the conductive ink made of GNPs exhibits a 186%
improvement in electrical conductivity at 10 vol% filler loading compared to

those of 40% and 10% shown by SG and GF, respectively.
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INTRODUCTION

Conductive ink is one of the main elements in the
printing industry, including inkjet printing, spray
coating and screen printing, for flexible electronic
applications. Recently, conductive ink made of
graphene has become a topic of interest due to its
superior electrical properties in comparison to vari-
ous nanomaterials, including metals, oxide nanopar-
ticles and other carbon-based materials. Conductive
ink is one of the main components in the fabrication of
flexible electronics, acting as a printed object on a
flexible substrate that conducts electricity. Gra-
phene, a novel 2D carbon nanomaterial, has pro-
voked significant research interest recently due to its
large specific surface area of 2630 m? g ', high
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electrical conductivity of up to 6000 S/cm, optical
transparency of 97.7%, extraordinary electron mobil-
ity of 200,000 cm? v ! s7!, thermal conductivity of
5000 W m ' K~! and superior mechanical proper-
ties with an elastic modulus of 0.25 TPa and an
ultimate strength of 130 GPa.!™ As reported by
Wallacein 1947%, almost all ‘graphene-like materials’
are different from the idealized 2D ‘graphene struc-
ture’. Several types of graphene-like materials exist,
from monolayer to multilayer graphene, turbostratic
carbon, graphite nanoplatelets (GNPs), nanosheets,
nanoflakes and graphene oxide (GO).

Several methods for the mass production of gra-
phene-like materials have been studied, such as
chemical vapor deposition, liquid phase exfoliation
(LPE), graphite oxide routes leading to GO or reduced
graphene oxide and electrochemical routes.””” LPE is
considered to be the simplest method and yields larger
quantities of graphene; however, the number of
graphene layers is inconsistent as the layers may
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reaggregate, and the method introduces defects in the
graphene layers that may then not be suitable for use
as conductive inks.® Therefore, an alternative method
based on a solvothermal reaction is also used in order
to prepare graphene-like materials. This solvothermal
method is an alternative bottom—up approach for the
production of graphene and is known for its few high-
quality layers of graphene, simple operation, low cost
of raw materials, environmentally friendly reactants,
mild synthesis conditions and ability to yield graphene
on a large scale.” This process enables the synthesis of
materials with particular structures and properties.
The solvothermal reaction method has been previ-
ously studied for the fabrication of carbon materials,
and especially graphene foam (GF), also known as
turbostratic carbon. %!

Many studies have considered GNPs and GO as
graphene-based inks; however, there are limited
studies utilizing GF produced by using the
solvothermal reaction method for conductive inks.
The unique structure of GF, which is constructed of
a 3D interconnected network to avoid aggregation,
while maintaining electrical conductivity, can be
explored for the fabrication of graphene-based inks.
Therefore, this study compares the performance of
GF with GNPs and synthetic graphite (SG), and is
divided into two parts: characterization of the
graphene-like materials and the properties of
graphene-based inks. The graphene-like materials
are first characterized by investigating the mor-
phology, phase formation, functionalities, structural
characteristics and electrical properties. The con-
ductive inks made of graphene-like materials mixed
with polyester varnish (PV) binder are further
investigated by measuring the viscosity, contact
angle and surface energy values and also the
electrical properties of the sprayed patterns.

MATERIALS AND METHODOLOGY
Materials

The PV (ULTIMEG 2000/380) used in this study
was supplied by AEV, UK, with a density of 0.92 g/
cm?®, and was used as a binder. The solvent was
ULTIMEG 2000 T4 Thinners supplied by AEV, with a
density of 0.87 g/cm®. GF was elaborated using a
solvothermal reaction method based on previous work
by Speyer et al.!! The density of the GF was 1.06 g/
cm®. GNP and SG powders with densities of 2.2 3 g/
cm® and 3 g/em?, respectively, were supplied by the
Timcal Group, Switzerland, and were used as fillers
for comparison. The measured electrical conductivi-
ties of the GF, GNP and SG films, as well as the PV
pattern, were 1.90 x 107° S/em, 0.56 x 107 !° S/cm,
0.39 x 10 '° S/em and 7.2 x 107 '° S/em,
respectively.

Fabrication of Conductive Ink Pattern

The production of conductive ink mixed with PV
binder was further divided into two parts: (1) the
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preparation of graphene-based inks, and (2) the
fabrication of conductive ink patterns using the
spray-coating method.

Preparation of Conductive Inks

The loading of graphene-like materials in the PV
binder was varied from 2 to 20 vol%. The formula-
tions were sonicated at room temperature for
15 min with a 175-W power density in order to
achieve a uniform and homogenous dispersion of the
filler in the PV binder. The temperature of the
mixture increased during the sonication process.
Therefore, in order to avoid the mixture overheat-
ing, the beaker was immersed in a water bath to
reduce the temperature. Different loadings of GF,
GNPs and SG in the PV binder were used in the
study due to the density difference of the fillers,
which subsequently influence the viscosity of the
mixture.

Fabrication of Conductive Ink Pattern Using Spray
Coating Method

In order to achieve a highly uniform deposition, a
customized motor-controlled air-spray coating was
fabricated to deposit the mixture of conductive ink
and PV onto a flexible substrate. The flexible
substrate used in this study was an organic trans-
parent film. The flexible substrate was placed on the
preheated metal substrate. The metal substrate
temperature, the spray length and the air pressure
were fixed at 100°C, 0.16 m and 4 psi, respectively.
The conductive ink pattern produced by spray
coating was cured at 130°C for 4 h. The schematic
of flow work for the fabrication process of conductive
ink pattern, the digital image of the conductive ink
pattern and scanning electron microscope (SEM)
images from the top-view of the conductive ink
patterns are shown in Fig. 1. From the micro-
graphs, it can be observed that the conductive ink
patterns were sprayed evenly and homogenously
throughout the substrate, and that the graphene-
like materials were fully coated by the PV binder.

Characterization

The flake size and microstructure of the gra-
phene-like materials, as well as the morphology of
the conductive ink patterns, were characterized by
using SEM (model QUANTA FEG450 and JEOL
JSM-6010LA). The thickness, morphology and lat-
tice arrangement of the graphitic material through
selected area electron diffraction (SAED) were
characterized by using high-resolution transmis-
sion electron microscopy (HRTEM; model FEI
TECNAI G20). The graphene-like materials were
sprinkled onto the surface of sticky carbon tape for
SEM analysis. Meanwhile, for the HRTEM mea-
surements, the graphene-like materials were dis-
persed in ethanol and a drop of the dispersion was
deposited on a copper grid covered with a holey
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Fig. 1. (a) Schematic of the fabrication process of conductive ink pattern, (b) digital image of the sprayed ink pattern, and SEM images from top-

view of (c) GF pattern, (d) GNP pattern and (e) SG pattern (x100).

carbon film, followed by solvent evaporation in the
open air at room temperature. The specific surface
area was calculated using the Brunauer—-Emmett—
Teller (BET) method and the micropore volume
was determined using the 2D-NLDFT t-plot model
(Micromeritics ASAP 2020). The structural charac-
teristics of the graphene-like materials were

analyzed using Raman spectroscopy (Renishaw
inVia Raman spectrometer) operating with a
4 =633 nm HeNe laser (20 mW) at a spectral
range of 100-3200 cm !. The surface chemical
bonds and the functionalities of the graphene-like
materials were confirmed by x-ray photoelectron
(XPS). The XPS spectra were obtained using an
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AXID Ultra DLD, Kratos, equipped with an Al Ku
x-ray source (1486.6 eV).

The ink viscosity, 1, was measured by a cone and
plate rheometer at a shear rate within a range of 1-
500 s ' and compared with the Carreau model
(Physica MCR 301; Anton Paar Malaysia Sdn.
Bhd.). The contact angle, 0., of the conductive ink
was measured by the sessile drop method with a
droplet volume of 5 uL. using a goniometer (Rame
Hart Instrument, USA) on the transparent film.
DROPimage Advanced software was used to obtain
the contact angle. The electrical conductivity of the
films and the conductive ink pattern were measured
at room temperature using a four-point probe
measurement. The sheet resistivity was calculated
using Van Der Pauw’s method. The samples were
placed at the center of the copper plate and con-
nected to the power source and voltmeter. This
method was based on two voltage measurements, by
shifting the two measuring devices. The power
source was provided by a Keithley 2010 multimeter
and the voltmeter was provided by a Keithley 220
current source. To obey Ohm’s law, three current
values for the measurements were applied at 50,
100 and 150 pA, respectively. For PV, the electrical
conductivity was measured using a Prostat PRS-812
resistance meter.

RESULTS AND DISCUSSION
Characterization of Graphene-Like Materials

Figure 2 shows the SEM images of the graphene-
like materials: (a) GF; ©) GNP; (e) SG. Based on the
micrographs, it can be seen that the structure for
GF is a 3D porous structure. The porous GF was
formed due to the reaction between ethanol and
sodium during the solvothermal process. Ethanol is
encapsulated into sodium in a clathrate-like struc-
ture. Meanwhile, the 2D network of GNPs and SG
represents the typical sheet-like morphology with
folding and crumples over the sheets. The EDX
spectrum of GF (Fig. 2b) shows signals for the
presence of carbon, oxygen and sodium with weight
percentages of 77.62, 20.03 and 2.35, respectively.
The presence of oxygen and sodium is attributed to
the sodium carbonate formed upon the pyrolysis
reaction. Meanwhile, for the EDX spectra of GNPs
(Fig. 2d) and SG (Fig. 2f), only a carbon signal was
observed with a weight percentage of 100.

The size distribution of the graphene-like mate-
rials is summarized in Fig. 2g, h, i based on the
SEM image analysis of over 150 particles with more
than six different locations using Imaged software.
The lateral size of GF, GNP and SG particles are
distributed over a broad range with mean values of
32, 38 and 44 um, respectively. In addition, the BET
surface area and pore volume of the particles are
reported in Table I. The GF exhibited the highest
surface area and pore volume compared to GNP and
SG. This is attributed to the 3D porous structure,
which prevents the restacking of GF particles.
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Meanwhile, the GNP and SG sheets restack them-
selves and agglomerate due to strong van der Waals
interactions and high inter-sheet junction contact
resistance.?

Figure 3 illustrates the HRTEM images of (a, b)
GF, (¢, d) GNP and (e, f) SG particles. Based on
Fig. 3a, it is observed that very thin areas with
folded edges almost throughout the GF structure
and amorphous carbon regions can be seen. The
presence of amorphous carbon region is due to the
crystallisation of GF, which is not completed.'!
Eleven parallel lines were observed from the image
captured by HRTEM, an early indication that it was
a multi-layer graphene. Meanwhile, the GNP and
SG samples indicated transparent sheet-like struc-
tures and suggested that the graphene-like materi-
als presented better crystallinity with ordered
planar regions. The number of graphene layers for
GNP and SG were 10 and 46 layers, respectively. In
addition, GNPs and SG also exhibited crumpled and
less folded edges compared to GF. The folded edges
appeared more in the GF structure than in the GNP
and SG structures, due to the tendency of GF
particles to overlap as a result of the high surface
area of the extended thin layers. The interlayer
distances for GF, GNPs and SG were 0.33, 0.34 and
0.33 nm, respectively, in agreement with a graphitic
stacking.

The crystallographic structure of the graphene-
like materials was characterized by SAED, as
shown in Figs. 3g, h, I. The SAED for the GF
particles exhibited a diffraction ring pattern, which
indicates polycrystalline features in an amorphous
material. In contrast, the symmetrical and isolated
points arranged in a hexagonal pattern show the
high crystallinity of the GNP particles. Meanwhile,
the SAED for SG with 46 layers exhibited the
disorderly lattice arrangement showing how thick
the particle was. Similar patterns were observed by
Htwe et al.'® in their study on the formation of
graphene wusing an electrochemical exfoliation
process.

Figure 4 shows the Raman spectra of the gra-
phene-like materials. Raman spectroscopy is a
versatile tool for obtaining useful information about
carbonaceous materials. There are three disorder-
related bands that are prominent for Raman spectra
of graphite, including the D peak at around
1350 cm !, the G peak at around 1580 cm ! and
the 2D peak at around 2700 cm'. By using the
Raman spectra, it is possible to identify the amounts
of defects and their types (D band), in-plane sp?
hybridized carbon atoms (G band), stacking order,
and the number of layers (2D band) in graphene
samples.'*1?

In general, similar peaks were observed in the
three types of graphene-like materials. In Fig. 4 for
the GF sample, the Raman spectrum showed peaks
at 1329 ecm ! (D band), 1589 cm ! (G band) and
2663 cm ! (2D band). For the GNP sample, the
Raman sample exhibited peaks at 1339 cm™ ' (D
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Fig. 2. SEM micrographs of (a) GF, (c) GNP and (e) SG particles (x1000), the insetis an image of porous GF at x2000, EDX analysis of (b) GF,
(d) GNP and (f) SG and lateral size distribution histogram measured by ImagedJ of (g) GF, (h) GNP and (i) SG patrticles.
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Fig. 3. HRTEM micrographs of (a, b) GF, (c, d) GNP and (e, f) SG particles at magnifications of (a, c, €) 97 kX and (b, d, f) 690 kX; SAED of (g)

GF, (h) GNP and (i) SG particles.

Table I. BET surface area and pore volume of the
graphene-like materials

BET surface area Pore volume

Sample mZg™h (ecm® g™
GF 2136 0.138
GNP 25 0.003
SG 3 0.001

band), 1581 cm~ ! (G band) and 2689 cm ! (2D
band). Meanwhile, for the SG sample, the Raman
spectrum presented peaks at 1346 cm ™! (D band),
1580 cm ™' (G band) and 2685 cm ™" (2D band). The
broadening of the D and G bands of the GF
spectrum is attributed to the presence of amorphous
carbon.'® Furthermore, two additional peaks were
observed for the GF spectrum at ~ 1150 em ™! (A
band), corresponding to nanocrystalline diamond
and sp® defects, and also at ~ 1450 cm ! (B band)
corresponding to nanocrystalline graphite and sp
clusters in a sp® matrix.’*"'® The additional peaks
observed for the GF spectrum are consistent with

1580
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? J\_—A A
é, 1339
£ A\
g
{‘:—’» 13291589
L]
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0 500 1000 1500 2000 2500 3000 3500
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Fig. 4. Raman spectra of (a) GF, (b) GNP and (c) SG particles.

1.8 confirming the

previous work by Speyer et a
presence of A and B bands.

The defects of the particles can be determined by
measuring the intensity ratio of the D and G peaks

(Ip/Ic).' Based on Table II, the intensity ratios of
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Fig. 5. XPS spectra of (a) GF, (b) GNP and (c) SG particles.

the D band to the G band (Ip/Ig) of GF, GNPs and
SG were calculated as 1.07, 0.34 and 0.56, respec-
tively. The higher value of Ip/Ig can be related to
the higher degree of disorder or higher defect
concentration. From the result, the GF sample
exhibited the highest value of Ip/Ig compared to
those of the GNP and SG samples, meaning that the
large area of GF has low structural quality. In
addition, for AB-stacked graphene, the number of
layers can be derived from the ratio of peak
intensities for 2D and G (Isp/Ig). The ratios of Isp/
I for GF, GNPs and SG were 0.42, 0.70 and 0.74,
respectively, indicating that the graphene-like
materials consist of multi-layer graphene.

The surface characterization, chemical composi-
tion, types of carbon and oxygen bonds, and the
percentage of oxygen present in the graphene-like
materials were investigated using XPS, as illus-
trated in Fig. 5a—c. The XPS spectra are dominated
by features at 284 and 532 eV, corresponding to C 1s
and O 1s, respectively. The peak corresponding to C
1s suggests that sp? hybridized carbon atoms exist
in the graphene-like materials, while the peak
related to O 1s indicates the presence of various
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Fig. 6. C 1s spectra bands of (a) GF, (b) GNP and (c) SG particles.

Table II. Raman intensity of the graphene-like
materials

Sample ID IG I2D ID/IG I2D/IG
GF 1511 1400 594 1.07 0.42
GNP 312 918 642 0.34 0.70
SG 351 622 458 0.56 0.74

oxygen functionalizations in the graphene-like
materials structure.’®?%?! For the GF particles,
chloride and sodium were detected as contaminants,
as a result of sodium carbonate being trapped in
carbon structures even after washing with concen-
trated hydrochloric acid. The carbon, oxygen and
the O/C ratio were obtained through elemental
analysis measurements by XPS analysis, as pre-
sented in Table ITII. The graphene-like materials
showed approximately 0.050, 0.008 and 0.017 car-
bon to oxygen weight ratios for the GF, GNP and SG
particles, respectively. The higher oxygen content in
the GF particles is attributed to the sodium carbon-
ate formed during the pyrolysis reaction, parallel
with the SEM-EDX results.
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Fig. 7. Digital images of (a, d) GNP ink, (b, e) SG ink and (c, f) GF ink were observed at (a—c) before sonication and (d—f) after sonication (day 1).

The peak at ~ 284 eV was deconvoluted in order
to understand the oxygen functionality in the
graphene-like materials. Further deconvolution of
the C 1s peak, as presented in Fig. 6, shows that the
majority of the binding energy comes from sp? C=C,
C-0, C=0 and O-C=0 bonds. The main peak at a
binding energy of 284.5 eV is assigned to the C=C
bond representing sp? hybridized carbon atoms in
the graphene-like materials sheet. The three peaks
at 286.0, 287.5 and 288.5 eV correspond to C-O
(epoxide), C=0 (carbonyl) and O-C=0 (carboxyl
COOH), respectively. This observation is in accor-
dance with the previous work by Johra et al.,
where the C 1s spectrum of graphene contains four
peaks at 284.6, 286.6, 287.5 and 288.5 eV.?2 The
multi-layer GNP has a reasonable quality, followed
by SG and GF, in agreement with the Raman
results.

Properties of Graphene-Based Inks

The graphene-like materials mixed with PV
binder were observed over time, before and after
15 min of sonication time, as presented in Fig. 7. As
can be observed, all graphene-like materials dis-
persed well with PV after sonication, which turned
from a yellowish solution to a black solution.

Figure 8a illustrates the viscosity, 5, curves of
graphene-based inks at 5 vol% as a function of shear
rate. It was observed that the 5 for all inks

decreased with increasing shear rate within a range
of 1-500 s, exhibiting shear-thinning flow behav-
ior. The 7 is considered to be stable at high shear
rate values. The attraction between the graphene-
like materials induces flocculation in the inks,
which causes an immobility of the solvent suspend-
ing the particles and therefore increasing the # at
low shear rates.?® In comparison, at higher shear
rates, the flocculation breaks down and promotes
the mobility of solvent entrapment between parti-
cles, causing the 5 to be decreased.

Meanwhile, Fig. 8b shows the 5 variation as a
function of filler loadings at a shear rate of 500 s~ 1.
It is clearly indicated that the addition of graphene-
like materials at 5 vol% showed an increment in 5 of
the inks by 505% (GNP ink), 58% (SG ink) and 19%
(GF ink) compared to the unfilled PV binder. The 5
values of the inks were different even at the same
filler loading due to the shape, size and density of
the fillers. According to Timofeeva et al.,** elon-
gated particles, such as platelets and cylinders,
result in high viscosity compared to those of a
spherical shape. As the porosity reduced the resis-
tance of fluid to flow during contact with the
surface, the viscosity was also reduced.?®?® On this
basis, it can be concluded that the result was
acceptable, as the viscosity for GF with a porous
structure was lower than those of GNP and SG with
a platelet shape.
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Fig. 8. (a) Viscosity curves of conductive inks at 5 vol% as a function of shear rate, (b) viscosity variation as a function of filler loading at shear
rate of 500 s~', and viscosity curves of (c, f) GNP ink, (d) SG ink and (e) GF ink with a fitted Carreau Model curve at 5 vol% of filler loading.

Figure 8c—e shows the 5 curves as a function of
shear rate predicted by the Carreau model, as well
as the experimental data. The Carreau model was
used to describe the behavior of fluids exhibiting
shear thinning behaviour. The liquid acts as a
Newtonian fluid at a low shear range and the high
thinning ?roperties are determined by the power
law rule.?” The equation of the Carreau model is as
follows:

n-1
2

N07) = 1 + (10 = 1) (14 (19)°)

where 1 is the viscosity at infinite shear rate, nythe
viscosity at zero shear rate, ythe relaxation time

and nthe power index. From Fig. 8c—e, the Carreau
model agrees relatively well with the experimental
data over a wide range of the shear rate for GNP
ink, while the fits of the curves predicted for the SG
and GF ink samples are less accurate, especially at
low shear rates.

Besides the physical properties of the prepared
inks, the surface wettability of the ink with the
substrate is also a factor that influences the spray
pattern quality. The contact angle, 0., is an indica-
tion of the wetting performance of liquids applied to
solids. The contact angle is measured as the angle
between the base and the tangent at the point of
contact between the conductive ink and surface of
the transparent film. Figure 9a, b illustrates the
droplet shape just before it lands on the
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Fig. 9. Contact angle measurement (example: 1 vol% GF ink) when (a) drop falling and (b) as the drop settles on the surface of the substrate, (c)
contact angle variation as a function of filler loadings; inset a small and a high contact angle, (d) surface energy as a function filler loadings
including Young’s equation.

transparency substrate and when the drop settles loading in the PV binder. The increment in 0, is due
on the substrate. Figure 9c indicates that the 0, for to the lower surface energy and the hydrophobic
all conductive inks increased with increasing filler nature of graphene.?® Nevertheless, the conductive
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Table III. The elemental compositions of carbon ©
1s), oxygen (O 1s) and O/C atomic ratio of the
graphene-like materials

Sample C (wt%) O (wt%) 0O/C

GF 93.98 4.64 0.050
GNP 99.17 0.83 0.008
SG 98.31 1.69 0.017

inks still show hydrophilic characteristics, 0. < 90°,
which lead to a better ink-—substrate combination.
Surface energy studies determine the intermolec-
ular interactions at the interfaces of a solid surface
with its environment. The surface energy relation-
ship between liquid, solid and gas interfaces can be
expressed by Young’s equation yg = yg, + 71, cos 0,
where yy, is the surface energy of the liquid, yg, is
the surface energy between the solid to liquid
interface and yg is the surface energy of the solid.?
The yg, values from the measured 6 . for all
conductive inks were calculated and are shown in
Fig. 9d. The yg, is found to be at a maximum in
unfilled PV (32.7 mJ/m?) and the yg, showed a
slight decrease with increasing graphene-like mate-
rial loading. According to the concept of the wetting
process, the hydrophobic nature is observed when
the solid—vapor interfacial energy is low and the
tendency for spreading to eliminate the interface
will be less. In order to reduce the surface energy of
the system, graphene-like materials should properly
interact with the PV binder. The decrement in yg;, of
the conductive ink with increasing graphene-like
materials is an indication of the tendency of con-
ductive inks to become less reactive with the
surrounding compared to the unfilled PV. As the
yg1, of the conductive ink becomes lower, the poly-
mer chains preferentially interact with the

graphene-like material surface and therefore
decrease the interaction with the surroundings.>®

The conductive ink patterns made of various
graphene-like materials at different loadings in
the PV binder were fabricated in order to determine
the percolation threshold. Figure 10 presents the
electrical conductivity of various conductive inks as
a function of filler loading. Obvious different filler
loadings were used in the formulation of conductive
inks based on GF, GNPs and SG due to the 7. Based
on the formulations, a higher amount of GF filler
was used to mix with polyester varnish as compared
to GNPs and SG at the same filler loading due to the
low density of GF. However, the conductive inks
become very difficult to dispense at higher filler
loading due to high #.

It can be observed that the electrical conductivity
of all the samples increased markedly with increas-
ing filler loadings (Fig. 10). The conductive ink
made of GNPs shows the highest electrical conduc-
tivity, followed by the SG and GF inks at all filler
loadings. Even though the GF exhibited a higher
BET surface area than those of GNPs and SG,
which will increase the electrical conductivity of the
conductive ink pattern, there were also other factors
that influenced the electrical conductivity of GF ink,
including the lateral size, crystallinity, oxygen
content and quality of GF particles, as shown by
BET, SEM-EDX, HRTEM, XPS and Raman analy-
sis. Due to the above factors, the electrons in GF
could not move rapidly through the interconnected
network of low-quality GF. Meanwhile, the higher
electrical conductivity at all filler loadings of GNP
ink and SG ink were attributed to the large lateral
size, high crystalline structure and high quality of
GNP and SG flakes.

For the GNP ink, the percolation threshold is
obtained between 4 and 4.5 vol% GNPs. On further
increasing the GNP loading, the electrical conduc-
tivity is observed to be increased with values of
1.26 S/cm at 5 vol% to 1.86 S/cm at 10 vol%. For the
SG and GF inks, the percolation threshold could be
observed when the SG loading is inbetween 8 and
9 vol% and when the GF loading is inbetween 9 and
10 vol%.

A simple electronic circuit was composed of a 9-V
battery, the sprayed conductive pattern, a capacitor
and the LED to demonstrate the behavior of con-
ductive ink patterns towards the LED brightness.
An inset shows digital images of an electronic
circuit set-up and LED brightness for various types
of conductive ink patterns at 10 vol%. The LED
connected to GNP ink pattern showed the brightest
followed by SG ink pattern and GF ink pattern.
GNP ink exhibited remarkable improvement of
electrical conductivity, followed by SG ink and GF
ink at 10 vol% than unfilled polyester varnish
binder by 186, 40 and 10%, respectively.

The electrical conductivity of the conductive ink
patterns is strongly dependent on their morphology,
which was investigated by SEM analysis.
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Fig. 11. SEM micrographs of cross-section conductive ink patterns made of (a) 7 vol% GF (b) 12 vol% GF, (c) 2 vol% GNP (d) 4.5 vol% GNP (e)
9 vol% SG (x2500-3500).

Figure 11a—e shows the morphology of the cross- Fig. 11a, ¢), indicating that some conductive paths

section conductive ink patterns with respect to the were not connected and that low filler loadings were
filler loadings, which provides insight into the not sufficient to support a complete network and
process of conductive network formation. The con- more voids could be seen. However, when the

ductive ink patterns at low filler loadings (as in amount of graphene-like materials were increased,
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as shown in Fig. 11b, d, e, the network became
obviously denser and the conductive pathways were
well established.

Table IV compares the values of maximum elec-
trical conductivity and corresponding percolation
threshold measured in the current study with those
reported in the literature for graphene filled or
mixed with polymer. The present GNP ink-based
conductive ink exhibited a maximum conductivity of
1.86 S/cm, which is significantly higher than the
typical 10°® to 1.58 S/cm values observed in the
literature.?’®” Meanwhile, the SG and GF inks
showed moderate values of maximum conductivity
that remain interesting in spite of the high amount
of filler loading.

CONCLUSIONS

GF was synthesized using a solvothermal reaction
method and the properties were compared with
commercialized GNPs and SG. GF exhibited the
highest BET surface area and pore volume com-
pared to GNP and SG. However, GF particles with
small lateral size, low crystalline structure and high
oxygen content reduced the electrical properties.
Graphene-like materials were mixed with a PV
binder to produce graphene-based inks and the
properties were investigated. In general, addition of
filler loadings increased the viscosity and contact
angle of the conductive inks. GNP ink exhibited the
highest electrical conductivity, followed by SG ink
and GF ink. The micrographs of graphene-like
materials in the PV binder showed that the con-
ductive inks were evenly sprayed on the substrate.
The results indicated that the ink properties used in
spray coating affect the quality of a produced
pattern.
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