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1. INTRODUCTION

Paper electronic is regarded as an innovative approach for the implementation of flexible, wearable
and disposable electronic devices. In comparison with other flexible substrates such as polyimide,
polyethylene terephthalate (PET) and polyethylene naphthalene (PEN), paper substrate is inexpensive,
bio-degradable, and renewable. Furthermore, the environmental friendly paper substrate can be fabricated
from agricultural wastes and residues. In recent years, the possibility of using paper as a substrate for
electronics application has received a great deal of attention mainly due to the paper’s flexibility, low cost,
and its long history as a material that people are familiar with [1-4]. The low-cost and recyclable paper
substrates have been considered for various novel and value-added printed electronic applications [5-9].
The demonstrated applications include transistor [10-11], supercapacitors [12-13], sensors [14], actuators
[15], biomedical devices [16-17], foldable thermochromics displays [18] and photovoltaic devices [19-20].

Paper substrate and conductive ink are two important materials in the fabrication process of the
printed paper electronics. Different type of paper will have different degree of surface roughness, porosity,
and wettability. In general, paper with low surface roughness is favorable as it can facilitate the deposition of
high quality conductive and semiconducting thin film. The wettability and surface energy of the paper
substrate also need to be taken into account to ensure the designed pattern is properly printed on the substrate
surface. The wettability is also related to the conductive ink properties, namely surface tension.
The modification of the ink surface tension is done during the ink formulation process. During the ink
formulation process, the coductivty value of the conductive ink is also adjusted.

This work focuses on utilizing cellulose solution-based graphene ink as the conductive ink for the
printed paper electronics. Although the usage of cellulose as additive in formulating conductive ink is widely
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presented, the study on so-called ‘cellulose solution' as the solvent of the conductive ink is still limited.
The cellulose solution is made from crystalline cellulose and sodium hydroxide aqueous solution.
In comparison to high performance solvent such as N-methyl-2-pyrrolidone (NMP) and dimethylformamide
(DMF), cellulose solution is less toxic and inexpensive. E. S. Ferreira et la. have successfully demonstrated
the preparation of cellulose solution-based graphene ink via simple process. Cellulose solution was found to
be effective in exfoliating graphite and stabilizing the graphene in the aqueous solution [21-22]. However,
the work did not discuss the suitability of the conductive ink for printed paper electronics.

This paper presents our preliminary works on preparation of cellulose solution-based graphene ink
and its application on different type of common printing paper. The conventional printing paper offers
cheaper alternative to the research-grade paper substrate. For preparation of graphene ink, procedure
presented by E. S. Ferrerira was modified. Some modification on cellulose concentration and exfoliation
process was required to obtain a satisfactory result. This paper shall provide alternative procedure for
preparation of cellulose solution-based graphene ink. In order to investigate the printing suitability of the ink
onto different type of printing paper, small amount of the conductive ink was drop-casted on the paper.
The morphology of ink pattern and sheet resistance were analyzed and discussed. Based on the obtained
results, the suitability of the aforementioned printing paper is evaluated.

2. RESEARCH METHOD

Four different papers used in this work are Plain Paper 800 gsm (Double A brand), Plain Paper 800
gsm (Paper One Brand), Matte paper 230 gsm (Kodak brand) and Glossy paper 150 gsm (Fullmark brand).
These paper substrates were characterized using Atomic Force Microscopy (AFM) to identify its surface
roughness. Surface roughness analysis is crucial in this work as it will affect the spread and wettability of ink.

Conductive ink was prepared using the procedure shown in Figure 1. The conductive ink was
obtained by adding partially exfoliated graphite into cellulose solution. Partially exfoliated graphene was
obtained by exfoliating expandable graphite under 800 W microwave for 40 s [22]. The microwave treatment
resulted in increase of overall volume of graphite flakes due to the exfoliation. Then, the exfoliated graphite
was washed using excessive deionized water (DI) water until the PH of the graphite became 7 [23].
The washed graphite was dried in the oven at 100 °C for 2 hours.
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Figure 1. Process flow of graphene/cellulose ink preparation

Cellulose solution was prepared using Kamide’s procedure [24]. The cellulose solution was
prepared by dispersing 1.13 g microcrystalline cellulose powder in 50 ml 10% aqueous sodium hydroxide
(NaOH) solutions. The resulted concentration of cellulose was 2%. The mixture was stirred for 10 min at
1500 rpm using magnetic stirrer and cooled down to —20°C until it became a solid frozen mass. The frozen
mass was allowed to thaw at room temperature. The cellulose solution was further diluted using 5% NaOH
solution to obtain 0.2 mg/ml cellulose concentration with gentle shaking [25]. A clear cellulose solution was
obtained. 0.2 mg/ml cellulose concentration is essential to maximize graphene concentration and enhanced
stability in the resulting dispersions [21].

The partially exfoliated graphite was added into the prepared cellulose solution with graphite-to-
cellulose ratio of 20:1. Cellulose acts as an agent for the exfoliation process. However, our preliminary
experiment showed that too much cellulose could reduce the conductivity of the graphene. Therefore,
high graphite-to-cellulose ratio is preferable. The mixture was sonicated inside ultrasonic bath for 8h. In the
final process of ink preparation, large sized of unexfoliated graphite particle was filtered from the sonicated
solution using metal mesh.
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20 ul graphene ink was drop-casted on the aforementioned four paper substrates. After dried in room
temperature, the sheet resistance (Rsneet) Was measured using 4 point-probe configuration. Microscope image
was taken to analyze the morphology of the graphene film and the ink spreading.

3. RESULTS AND ANALYSIS

Figure 2(a)-(d) shows AFM height images of the surface of the investigated paper substrate. Height
profiles between two random points in each AFM image are shown in Figure 2(e)-(h). General printing paper
(i.e. Paper One and Double A) and matte paper have wavy surface compare with the glossy paper. Based on
the height profiles, the height difference between the peak and valley for the papers was several micrometers.
The wavy surface of general printing paper is associated to the paper fibers size. On the other hand,
the height difference between peak and valley in the height profile was around 0.12 pm. Matte and glossy
paper are polymer-coated papers. The presence of a polymer coating on Glossy and Matte paper minimizes
the surface roughness. Matter paper is designed to have rougher surface in order to reduce glare. Glossy
paper shows the lowest average roughness at 16.02 nm. Thus, it is expected to provide flat surface for
deposition of more uniform conductive thin film.

Surface morphology of the drop-casted graphene film on the different paper substrates is shown in
Figure 3. Drop-casting onto glossy paper produced more uniform graphene thin film with sharp end edge.
The magnified microscope image showed that most of the paper surface was covered by the conductive ink.
The uniform distribution of graphene/cellulose ink on the glossy paper might be due to the low surface
roughness of the substrate. Uniform thin film is important to ensure good conductivity value. In case of other
substrates, in particular to ‘Double A’ paper as shown in Figure 3(a), the deposited particles are not
connected with each other. This should lead to poor electrical conduction across the graphene thin film.

Interestingly, despite of high surface roughness, graphene film on Paper One show in Figure 3(b)
relatively uniform coating. Other factors such as ink absorption and paper’s reaction towards the ink solution
needs to be considered. The formulated conductive ink consists of NaOH which may react to the cellulose
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Figure 2. AFM height image of (a) Plain Paper — Double A, b) Plain Paper - Paper One, ¢) Matte Paper,
and d) Glossy Paper and height profiles from the AFM images (e-h)
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Figure 3. Microscope images of the drop-casted graphene thin film on a) Plain Paper — Double A,
b) Plain Paper - Paper One, c) Matte Paper, and d) Glossy Paper

Reneet, Was calculated using (1). R, is the measured resistance value from 4 point probe
measurement. f, is the correction factor based on ratio of probe spacing and thin film diameter. Shows in
Figure 4 the calculated sheet resistance for the graphene thin film deposited on the different paper substrates.
Glossy paper has the lowest sheet resistance as 7.63 MCV/sq. Glossy paper with least surface roughness value
tends to have least resistance value as the ink spread is uniformly formed on the paper substrates.

Reheet = 4.53 X Ry X (1)

The conductivity of the graphene coating can be improved by applying multiple drop casting.
Shown in Figure 5 the change in sheet resistance value after multiple drops. Resistance value decreases upon
the increasing number of coating. Each drop-coating increased the number of graphene particles in the thin
film. Addition of graphene particles improve the electrical connection between the particles and leads to
thicker thin film. Thus, lower resistance could be achieved. After 4 times drop-casting, the sheet resistance
was 4.11 kQ/sq.
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Figure 4. Sheet resistance on paper substrates Figure 5. Sheet resistance of multi-drop of graphene ink

Conductivity, o, of the graphene thin film was calculated using (2). t is thin film thickness.

o=— @)

Rsheet t

The thickness of graphene thin layer was measured using 3D microscope. The 3D microscope image
of the film made from 4-drop ink is shown in Figure 6(a). Shows in Figure 6(b) height profile along the
dashed line in the microscope image. Based on the height profile, the thickness of the film was 11.24 pm.
The conductivity was calculated to be 21.34 S/m. The obtained value is three order lower than that reported
by E.S. Ferreira. It is worth to note that method used for graphene film formation was different from the
reported work. The coating procedure has effect of the coated film homogeneity and conductivity.
Further analysis is required to address this matter.
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Figure 6. (2) 3D microscope image and (b) Height profile of the graphene film made from 4-drop ink

Ink that has high stability can maintain its solution form for long period. Practical ink need to have
a very long period of ink stability to ensure quality. In this work, the ink was left in room-temperature
condition for two days and any physical changes was observed. Shows in Figure 7 the change of ink after
certain time. After 6 hours, graphene/cellulose particle settled at the bottom of the test tube. The formulated
ink was not stable as expected. Further improvement in ink formulation is required. Nevertheless,
this unstable ink can be dissolved again with just a gentle shake.
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Figure 7. Graphene ink stability. a) Initial stages, b) after 6 hours, c) after 18 hours, d) after 36 hours

4.  CONCLUSION

In conclusion, the effect of substrates paper to the sheet resistance of the drop-casted
graphene/cellulose thin film was investigated. Glossy paper was found to be suitable paper substrate for
printing the formulated conductive ink. The ink drop-casted on the glossy paper showed better uniformity.
As expected, the graphene/cellulose thin film on glossy paper showed the lowest sheet resistance. The value
of sheet resistance can be lowered to 4.11 kQ/sq by applying multiple drops. The obtained graphene film has
conductivity of 21.34 S/m. The results of this work implies the feasibility of using relatively low-cost of
paper substrate for fabricating paper electronic devices.
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