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Abstract

The conductive inks were prepared by the mixing of the recipe including epoxidized soybean oil (ESO),
epoxidized natural rubber (ENR), drying oil (linseed oil and tung oil), and conductive carbon (graphite and graphene).
The prepared ink was printed on the paper substrate with subsequently exposed to UV radiation to allow the
crosslinking reaction. The electrical resistivity was determined by using 4-point probe method. The results showed
that the formula G8 gained the lowest sheet resistance at 1898.35 Q /sq. Moreover, the sheet resistance was decreased
when the higher content of RGO was applied. The circuit including LED and the prepared conductive print was set
up to confirm the electrical conductivity.
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Introduction

Printed electronics are a combination of new technology and conventional printing to create the electronic
circuit and electric equipment with inkjet printing, gravure printing, and screen printing.[5,6] The application of this
process is to create the electronic circuit on the flexible surface which uses as the components of electric appliances
and sensors [1-3,7]. In printing, the conductive ink was required due to its distinctive properties such as electrical
conductivity, durability, and printability.[6] After printing, the ink was exposed to the light or subjected to heat to
form a thin film on the various substrate.[9] The printed electronics are more popular in the electronic applications
than the conventional electronics due to the printability of flexible and large area substrates to get the lightweight
electric equipment, simple production, and cost reduction.[10,11] The conductive particles are the main part of
conductive ink. The good electrical conductive particles such as silver, copper, gold, and aluminum [7] are high cost
and some types undergo rapid oxidation in the air resulting in loss of electrical conductivity.[1] To lowering the cost,
conductive carbons such as carbon black, graphite, or graphene have been exploited as a recipe in conductive ink.[9,
15]

Up to now, kinds of solvents such as N-Methyl-2-pyrrolidone (NMP), Dimethylformamide (DMF), and
Dimethyl sulfoxide (DMSO) are used in the conductive inks and these solvents are allowed to dry by evaporation
during use of causing hazardous to the environment and toxic to human. [4,6] Therefore, alternative solvents such
as water and non-toxic solvent have been developed for conductive ink.[4] Although the water-based ink can conquer
the environment and toxic issues, the problem of the water-based ink is the rapid evaporation of water. This causes
the dried ink easily stuck in printing mesh.

Soy-based ink has been developing to replace the regular ink [12] in the printing industry. The soybean oil is
used as the active solvent which is binder after curing. The using soy-based ink was satisfied due to reduction of
hazardous volatile and, thus, safety for workers and users. For more efficacy of film forming, the drying oils were
added into the ink formula [14].

In this work, the conductive ink was prepared by the mixing of epoxidized soybean oil and epoxidized natural
rubber together with the conductive carbon. Tung oil and linseed oil were also used to enhance film forming of the
ink. The electrical properties of the conductive ink were studied. The obtained conductive ink could be useful for
creating electric circuits in the print electronics industry.
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Materials and methods
Materials

Epoxidized soybean oil (ESO) (VIKOFLEX® Series 7170) was purchased from SRITHEPTHAI CHEMICAL
CO.,LTD. Epoxyprene 25 (ENR) was purchased from Muang Mai Guthrie PCL CO.,LTD. Linseed oil and Tung oil
was purchased from UNION CHEMICAL 1986 CO.,LTD. Graphite powder (<20 pm) was purchased from Aldrich
Chemical Company. Sulfuric acid 98% (H,SO4) was purchased from S.D. Fine Chem Ltd. Potassium permanganate
(KMnO4) was purchased from Ajax Finechem Pty Ltd. Hydrogen peroxide solution 40%m/m in water (H.O2) was
purchased from CARLO ERBA Reagents. DI water

Methods

1. The preparation of reduced graphene (RGO)

The graphene oxide was synthesized by the oxidation of graphite powder adapted from Hummers method.[8]
In detail, the graphite 3.0 g was added into concentrated H,SO4 70 ml under stirring at 15°C and subsequently KMnO4
9.0 g was added. The reaction temperature was raised to 40°C with further stirred for about 30 minutes. Then, 150
mL water was added, and the solution was stirred for 15 min at 95°C. After that, 500 mL water was added and
followed by a slow addition of 15 mL H20.. The solution was filtered to yield the solid form of graphite oxide with
further aqueous dispersion by diluted to 600 mL water. This solution was purified by using a dialysis membrane
with a molecular weight cut off of 8000 - 14,000 gmol for 7 days. The result was diluted to 1.2 L, stirred for 3 h
and sonicated for 60 min to exfoliate it to graphene oxide (GO). The GO dispersion was centrifuged at 4000 rpm for
20 min to remove the unexfoliated graphite. The result GO was reduced following the method of Loryuenyong
et.al.[13], by heating GO solution at 95°C for 4 days and freeze drying to yield RGO.

2. The preparation of ink and printed pattern

The ink was prepared by mixed the solution of 20 w/w% ENR in ESO with tung and linseed oils. Graphite at
0, 20, 40, 60, 80 and 100 pph was then added into the solution and mixed well using mechanical stirrer at 600 rpm
for 30 min. In term of applying RGO, RGO was applied into the formula at given weight ratio of Graphite: RGO at
7.5:0.5 and 7.0:1.0 using the same procedure. The recipes of all formula are summarized in Table 1. The prepared
ink was printed on the paper followed by an exposure to UV radiation to form film. The thickness of the film was
measured by micrometer before testing.

Table 1 The weight ratio of oil in the ink formula

Formula ENR solution Tung oil Linseed oil Graphite RGO
GO 5.0 25 25 - -
G2 5.0 25 25 2.0 -
G4 5.0 25 25 4.0 -
G6 5.0 25 25 6.0 -
G8 5.0 25 25 8.0 -
G10 5.0 25 25 10.0 -
G7.5+0.5 5.0 25 25 7.5 0.5
G7.0+1.0 5.0 25 25 7.0 1.0

3. The testing of ink

The drying time of printed pattern was counted and used the eligible time for curing the ink. The surface of
dried ink was observed by Dino-Lite Digital Microscope PRO 60x and 500x. The electrical efficacy of dried ink was
studied by 4-point probe tester: signatone SP4-50045TRS. The electrical resistance (R) of the patterns was calculated
from the slope of the graph that showed the relativity between applied electric current (1) and the voltage (V). Each
sample was tested for five times. The sheet resistance (Rs) is calculated by equation. (1). Finally, the conductivity
of the pattern was inspected by the circuit including LED.
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Results and discussion

1. Printability and drying

The viscosity of prepared conductive ink increased as relatively high content of graphite was applied. All
formula (except G10) are convenient viscosity to print easily. The ink was dried by UV curing at which the
crosslinking reaction was occurred at double bonds belonging to ESO, tung oil, and linseed oil. The propose
mechanism is shown in Figure 1. The presence of tung and linseed oils can enhance the performance of curing of
ink by generating free radicals on the chain of the oils both stimulated by UV radiation and oxidation by oxygen in
the air, with subsequently initiated the crosslinking point. From the result, the optimum exposure time to UV
radiation for drying ink is approximately 10 min.

2. Surface

Optical microscope was used to study the surface of the printing ink on the paper as shown in Figure 2. At 60x
magnification, the image showed the wrinkle on the surface pattern of G2 and G4 (Figure 2a and 2b) and showed the
smoother on the surface of G6 and G8 (Figure 2c and 2d). However, at 500x magnification, the surface of G6
presented a very tiny wrinkle (Figure 2g) which cannot be seen by naked eye. The shrinkage of the film during
crosslinking reaction resulted in wrinkle on the surface of dried ink. The high content of graphite in the ink can
impede the shrinkage resulting from crosslinking reaction, thus, lowering the wrinkle on the surface of dried ink.
The obvious wrinkle on the surface of G2 and G4 are impractical to use.

3. Resistivity

The average voltage was received from the 5 electric currents (10, 12, 15, 20, and 25 pA) applied through the
samples. The resistance (R) of the pattern was calculated from the slope of the graph demonstrated in Figure 3. The
sheet resistances (Rs) calculated from equation (1) of the patterns of G6 and G8 are 2242.95 and 1898.35 Q/sq.,
respectively. The sheet resistance of the pattern was decreased when the graphite content in the ink was increased.
Moreover, the surface roughness of the pattern related to electrical properties. The high surface roughness, the high
sheet resistance was obtained. As relatively low content of graphite and high surface roughness of G6, it gained
higher sheet resistivity than G8.

In term of applying RGO, the sheet resistances of G7.5+0.5 and G7.0+1.0, calculated from the slopes presenting
in Figure 3 and further calculation by equation (1), were at 1610.04 and 1350.06 Q/sq., respectively. From the results,
the better electrical properties could be obtained when the higher content of graphene was applied in the ink.

Finally, the simple circuit including LED and the prepared conductive print was set up to confirm the electrical
conductivity as shown in Figure 4.

Conclusion

The soy-based conductive inks were successfully prepared by the mixing of the recipe including epoxidized
soybean oil (ESO), epoxidized natural rubber (ENR), tung and linseed oils, and conductive carbon, i.e. graphite and
graphene. The ink was printed and dried by exposure to UV radiation for 10 min. The surface roughness and sheet
resistance of dried conductive patterns were studied. The results showed that the formula G8 gained the lowest sheet
resistance at 1898.35 Q/sq. Moreover, the sheet resistance was decreased when RGO was added to the ink. It can
be suggested that these soy-based conductive inks are the good choice to avoid drying by evaporation of toxic solvent
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Figure 1 Radical initiation by UV radiation of a) ESO, b) tung oil, and ¢) linseed oil. d) the propose model of
crosslinking among tung oil, linseed oil, and ESO
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Figure 2 OM image of the surface of the pattern with x60 for a) G2, b) G4, c¢) G6, and d) G8. e) - h) show x500 of
the surface of G2, G4, G6, and G8, respectively
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Equation y=a+bx
Adj. R-Square 0.99826 0.99403 0.99717  0.99961
Value Standard Error
G6 Intercept -0.43123 0.15111
G6 Slope 041884 0.00874
|cs Intercept 0.11075 0.33127
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Figure 3 The graph of the relativity between applied electric current (LA) and the voltage (mV)

Figure 4 The simple circuit including LED (in circle) and the prepared conductive print (in square blanket)
a) open circuit and b) closed circuit
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