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Abstract 
The object of this study was to evaluate the electrical properties of the planar su-
percapacitor, which added polyimide powders into cellulose film as base materi-
als. The pattern for the electrical circuit was formed on the prepared cellulose 
film by irradiating a blue semiconductor laser to fabricate the supercapacitor, 
where the cellulose film was modified with polyimide powders. Electrical re-
sistance and specific capacitance of a planar supercapacitor were measured to 
evaluate the effect of the addition of polyimide powders on the addition rate of 
polyimide powders. Test results showed that the electrical resistance decreased 
with an increase in the addition rate of polyimide powders and then the specific 
capacitance was increased with an increase of the addition rate of polyimide pow-
ders. This study suggested that for obtaining high capacitance and low electrical 
resistance, the most suitable conditions of fabrication of a supercapacitor were 
1wt% of the addition rate of polyimide powders and 400 mW of laser power. 
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1. Introduction 

Flexible printed circuits (FPC) were focused as an electrical circuit board for wearable 
devices and small electronic equipment [1] [2]. Recently, the subtractive method [3], 
removing copper around circuit parts due to the etching process with photo mask, 
and the semi-active method [4], forming circuits due to copper plating on the film, 
have been employed for the fabrication method of FPC. These methods have a high 
environmental burden due to the etching process and copper plating, which require 
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about the new fabrication methods of FPC that have low environment burden. Pre-
vious studies proposed the pretend-electro technics method [5], forming the circuits 
on the base materials by printing technology using the ink with silver powders, and 
the forming methods of circuits that need no auxiliary materials due to selective car-
bonization of the wood by laser [6]. However, the problem in these methods was that 
the auxiliary materials are expensive, and the electrical resistance of circuits is high. 

In this study, cellulose film, which was modified with additional materials, was 
focused as the base material of FPC. Modified cellulose film was prepared by add-
ing polyimide powders into cellulose, in addition, circuits pattern was formed by 
irradiating cellulose film with blue semiconductor laser. The object of this study 
was to evaluate the electrical properties of the planar supercapacitor which added 
polyimide powders into cellulose film as base materials. 

2. Experimental Methods 
2.1. Materials 

Bacterial cellulose was prepared as the base material for the capacitors. Polyimide 
powders (P84@NT1-HCM superfine, Polyplastics-Evonik corp.) were also added 
to the matrix as shown in Figure 1. 
 

 

Figure 1. Polyimide powders. 

2.2. Fabrication Methods of Cellulose Film Added with Polyimide  
Powders 

Figure 2 shows the fabrication method of cellulose film. Cellulose suspension was  
 

 

Figure 2. Fabrication methods of cellulose film. 
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prepared by dispersing the mixtures with polyimide powders, bacterial cellulose 
and purified water at 10,000 rpm for 30 min by mechanically stirring machine. 
Cellulose film was fractured by vacuum filtering the suspension and preheating at 
140 deg-C under 1 MPa for 10 min by the heat pressing machine. The addition 
rate of polyimide powders was approximately 0.3wt%, 0.5wt% and 1wt%. 

2.3. Drawing Method of Carbonized Pattern 

Carbonized patterns were drawn on cellulose film specimen by irradiating with 
blue-semiconductor laser (ATOMSTSCK, A510W). Table 1 shows the test condi-
tions of the laser. Shapes of carbonized pattern were employed with a dumbbell 
shape for electrical resistance measurement, with comb shape for specific capaci-
tance measurement, respectively, shown in Figure 3. 
 
Table 1. Irradiating conditions of a blue semiconductor laser. 

Laser power [mW] 200, 300, 400 

Scanning rate [mm/min] 600 

Wavelength [nm] 405 

 

 
(a) Measurement of electrical resistance. (b) Measurement of specific capacitance. 

Figure 3. Pattern shapes for measurement of electrical resistance and specific capacitance. 

2.4. Fabrication Method of Planar Supercapacitors 

Figure 4 shows the fabrication method of the capacitors. Collecting electrode was 
put on the prepared electrode pattern, and then a copper tape as tab electrode was 
also put on the pattern. Next, phosphoric acid/PVA electrolyte was dropped for 
about 1 mL/min onto the electrode and solidified in a desiccator by drying at room 
temperature for 12 hours. Solid electrolytes had about 0.2 mm of average thick-
ness. The phosphoric acid/PVA electrolyte was prepared by adding 1 g of PVA 
and 1.3 mL of phosphoric acid to 18.7 mL of purified water and then stirring at 
95˚C for 15 minutes. Finally, a copper tape was placed on the solidified electrolyte 
as a tab electrode for the reference electrode. 

2.5. Measurement for Electrical Resistance of Circuit Pattern 

The electrical resistance of the pattern was measured by 4-terminal method with 
digital multimeter (R6871E, Advantest). Volume resistivity ρ  was calculated 
with the obtained electrical resistance based on Equation (1). At least 3 specimens 
were tested. 
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Figure 4. Fabrication method of supercapacitor. 

 cA
R

l
ρ = ×  (1) 

Here, cA , l  and R  were cross section area of carbonized part, gage length 
and electrical resistance between gage lengths, respectively. 

2.6. Measurement for Specific Capacitance of Planar  
Supercapacitors 

Specific capacitance of the planar supercapacitor was measured by cyclic voltam-
metry test. Response current of the specimen was measured by applying voltage 
to the specimen. Test conditions of cyclic voltammetry test were shown in Table 
2. Specific capacitance sC  was calculated from obtained current-voltage curve 
based on Equation (2). 

 s
IdVC
V υ
∫

=
∆ ⋅

 

Here, I , V , V∆  and v  were response current, voltage, window and scan 
rate, respectively. 
 
Table 2. Irradiating conditions of blue semiconductor laser. 

Sweeping volage range [mV] 0~1000 

Scan rate [mV/min] 600 

2.7. X-Ray Diffraction Analysis of Carbonized Particles 

Carbonized parts by irradiating with blue semiconductor laser were analyzed due 
to x-ray diffraction. This analysis was investigated with X-ray diffraction instru-
ment (SmartLab) which tube voltage and tube current were 40 kV and 40 mA, 
respectively.  

2.8. Raman Spectroscopy Analysis of Carbonized Particles 

Raman spectrum of carbonized parts was investigated with the Raman spectrom-
eter (Anton Paar, Cora: Compact Raman Analyzer). The wavelength and power 
of laser were 532 nm and 50 mW, respectively.  
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3. Results and Discussions 
3.1. Electrical Resistance of Circuit Pattern 

Figure 5 shows the relationship between the electrical resistance of the specimen 
and the addition rate of polyimide powders. Results of specimens that added no 
polyimide powders were not shown in this figure because it was not conductive. 
Electrical resistance of specimens decreased with an increase of the addition rate 
of polyimide powders and decreased with an increase of laser power. 

Figure 6 shows one of the cross-sectional observation results in the gage length 
 

 

Figure 5. Electrical resistance with respect to the addition 
rate of polyimide powders. 

 

 

Figure 6. Cross-section images of carbonized parts. 
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Figure 7. Volume resistivity with respect to addition rate of polyimide 
powders. 

 

section. Blackened areas by laser irradiation were defined as a cross-section area 
of carbonized part, and the areas of carbonized part 𝐴𝐴𝑐𝑐 was calculated using 
trapezoidal approximation and image analysis. The average thickness of cross 
section area was about 0.3 mm and slightly increased with an increase in laser 
power. Figure 7 shows the relationship between volume resistivity of the car-
bonized part and the addition rate of polyimide powders. In condition of 200 
mW of laser power, the volume resistivity was decreased with an increase in the 
addition rate of polyimide powders. In contrast, the volume resistivity was al-
most the same regardless of the addition rate of polyimide powders. Therefore, 
it found that about 1wt% of the addition rate of polyimide powders and 300 mW 
of laser power that the stable conditions to obtain circuit pattern that the volume 
resistivity was low.  

3.2. Current-Voltage Curves of Planar Supercapacitor 

Figure 8 shows the current-voltage curves of the specimen obtained by cyclic 
voltammetry test. When the addition rate of polyimide powders was 0.3wt%, the 
area surrounded with the current-voltage curves was little difference regardless 
of the laser power. When the addition rate of polyimide powders was 0.5wt%, 
the maximum response current increased with an increase in laser power. When 
the addition rate of polyimide powders was 1wt%, in any conditions of the laser 
power, the maximum value of responded current was high, and the gradient of 
the curves during applying the voltage increased with an increase in the laser 
power. 
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3.3. Specific Capacitance of Planar Supercapacitor 

Figure 9 shows the relationship between specific capacitance of the specimen and 
laser power. Specific capacitance shown in figure was calculated to divide total 
capacitance into the area of pattern. When the addition rate of polyimide powders 
was 0.3wt%, specific capacitance was no significant difference regardless of laser 
power. When the addition rate of polyimide powders was 0.5wt%, specific capac-
itance was slightly improved. When the addition rate of polyimide powders was 
1wt%, specific capacitance was significantly improved by irradiating with 400 mW 
of laser power compared with other laser power conditions.  

In comparison with the results of previous studies [7]-[9], the electrical perfor-
mance of super capacitors made of cellulose showed little difference compared to 
that of a supercapacitor which irradiate laser with flexible polyimide film. In other 
words, this study found that supercapacitors made of cellulose have not only low 
environmental load, but also almost the same performance as conventional super-
capacitors. 
 

 
(a) Addition rate of PI powders: 0.3wt%.    (b) Addition rate of PI powders: 0.5wt%. 

 
(c) Addition rate of PI powders: 1wt%. 

Figure 8. Current-voltage curves of specimens. 
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Figure 9. Specific capacitance of supercapacitor 
with respect to laser power. 

3.4. X-Ray Structural Analysis Results of Carbonized Part 

Figure 10 shows the relationship between the diffraction intensity and diffraction 
angle of the specimens that add 0.3wt% of the polyimide powders and irradiate the 
laser at 200 or 400 mW. In any condition, the significant peak was confirmed to be 
around 24 deg and 78 deg of the diffraction angle. In addition, the height of peaks 
increased with an increase in laser power. The peaks around 24 deg and 78 deg of 
the diffraction angle were C002 peak and C110peak, respectively, which implied 
that carbon crystal structure with high regularity was generated on cellulose film. 
Previous studies [10] [11] also reported that the laser induced graphene was gen-
erated by the irradiation of laser on polyimide film, therefore this study was  
 

 

Figure 10. X-ray intensity with respect to diffraction angle. 
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also suggested that the laser induced graphene was also generated. These results 
showed that the laser induced graphene was generated on the film by adding the 
polyimide powders and carbonizing, which prevented the formation of amorphous 
carbon and stabilized the formation of the crystal structure of carbonized parts. 

3.5. Raman Spectroscopy 

Figure 11 shows the relationship between Raman shift and intensity. When the 
polyimide powders were added 0.5 wt% and 1 wt%, the peaks of Raman shift were 
confirmed to be around 1580 cm−1 and 1350 cm−1. The peak around 1580 cm−1 
was also increased significantly with an increase in the laser power. These results 
show that the peak around 1580 cm−1 and 1350 cm−1 were G-band, based on the 
graphite structure, and D-band, based on the disorder and defects in the graphene 
structure, respectively. In addition, the G-band peak with adding 1wt% of polyi-
mide powders was significantly improved compared with that with adding 0.5wt% 
of polyimide powders. 
 

 
(a) Addition rate of PI powders: 0.5wt%.    (b) Addition rate of PI powders: 1wt%. 

Figure 11. Relationship between intensity and Raman shift. 
 

Therefore, this study found that more graphene was generated by adding 1wt% 
of polyimide powders and irradiating with 400 mW, which obtained low and high 
volume resistivity and specific capacitance, respectively. 

4. Conclusions 

In this study, to investigate the effects of the addition of polyimide powders on 
the electrical properties of planar supercapacitor made of cellulose, planar super-
capacitor was prepared by irradiating blue semiconductor laser on cellulose spec-
imen and carbonizing it, and the electrical resistance and specific capacitance of 
the planar supercapacitor were measured. The following conclusions were ob-
tained: 

1) When the laser power was 200 mW, the volume resistivity of carbonized 
parts decreased with an increase in the addition rate of polyimide powders. In 
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contrast, when the laser power was 300 or 400 mW, the volume resistivity was 
little difference regardless of the addition rate of polyimide powders. 

2) When the addition rate of polyimide powders was 0.3wt%, the specific ca-
pacitance of planar supercapacitor was no significant difference regardless of the 
laser power. In contrast, when the addition rate of polyimide powders was 0.5wt%, 
the specific capacitance was slightly increased with an increase in the laser power. 
When the addition rate of polyimide powders was 1wt%, the specific capacitance 
of planar supercapacitor which carbonized at 200 or 300 mW was almost the same, 
however, that which carbonized at 400 mW was significantly increased compared 
with other conditions. 

3) In this study, the most suitable conditions obtained low electrical resistance 
and high specific capacitance were 1wt% of the addition rate of polyimide pow-
ders and 400 mW of the laser power. 

Acknowledgement 

The author was deeply grateful to Professor Kazuya Okubo and Professor Ki-
yotaka Obunai for the guidance throughout this research.  

This research was financially supported under the FY2022 research support 
project "SDGs research at Doshisha University". 

Conflicts of Interest 

The author declares no conflicts of interest regarding the publication of this paper. 

References 
[1] Anin Vincely, D. and Natarajan, E. (2016) Experimental Investigation of the Solar 

FPC Performance Using Graphene Oxide Nanofluid under Forced Circulation. En-
ergy Conversion and Management, 117, 1-11.  
https://doi.org/10.1016/j.enconman.2016.03.015 

[2] Tamai, T. (2021) Surface Modification and Electroless Deposition of Flexible Polymer 
Substrates: Structure of Polymer/Metal Interface. Journal of the Surface Finishing So-
ciety of Japan, 72, 386-390. https://doi.org/10.4139/sfj.72.386 

[3] Yamamoto, T., Nakano, O., Hirasawa, Y. and Kataoka, T. (2000) Allowable Copper 
Thickness Related to Pattern Pitch Formation Using Subtractive Method. Journal of 
Japan Institute of Electronics Packaging, 3, 228-233.  
https://doi.org/10.5104/jiep.3.228 

[4] Takahashi, K., Oka, Y., Sakai, S., Nohara, H., Ito, M. and Sato, D. (2023) Plating Tech-
nology for Fine-Pitch High-Aspect Ratio FPCs. Sumitomo Electric Technical Re-
views: Electronics, No. 96, 100-103. 

[5] Kurihara, M. (2013) Development of Silber Nanoparticles Suitable for Printed Elec-
tronics Electrodes and Strategy for Their Industrial Applications. Journal of the So-
ciety of Photography and Imaging of Japan, 76, 355-361. 

[6] Ishii, A., Kato, K., Ikematsu, K., Kawahara, Y. and Siio, I. (2023) Fabricating Printied 
Circuit Wooden-Board Using Affordable Laser Cutting Machine. Computer Soft-
ware, 40, 129-145. 

[7] Zhang, W., Lei, Y., Jiang, Q., Ming, F., Costa, P.M.F.J. and Alshareef, H.N. (2019) 3D 

https://doi.org/10.4236/ojcm.2025.154010
https://doi.org/10.1016/j.enconman.2016.03.015
https://doi.org/10.4139/sfj.72.386
https://doi.org/10.5104/jiep.3.228


R. Murayama 
 

 

DOI: 10.4236/ojcm.2025.154010 186 Open Journal of Composite Materials 
 

Laser Scribed Graphene Derived from Carbon Nanospheres: An Ultrahigh-Power 
Electrode for Supercapacitors. Small Methods, 3, Article ID: 1900005.  
https://doi.org/10.1002/smtd.201900005 

[8] Ray, A., Roth, J. and Saruhan, B. (2022) Laser-Induced Interdigital Structured Gra-
phene Electrodes Based Flexible Micro-Supercapacitor for Efficient Peak Energy 
Storage. Molecules, 27, Article 329. https://doi.org/10.3390/molecules27010329 

[9] Huang, F., Feng, G., Yin, J., Zhou, S., Shen, L., Wang, S., et al. (2020) Direct Laser 
Writing of Transparent Polyimide Film for Supercapacitor. Nanomaterials, 10, Arti-
cle 2547. https://doi.org/10.3390/nano10122547 

[10] Cai, J., Lv, C. and Watanabe, A. (2016) Cost-Effective Fabrication of High-Perfor-
mance Flexible All-Solid-State Carbon Micro-Supercapacitors by Blue-Violet Laser 
Direct Writing and Further Surface Treatment. Journal of Materials Chemistry A, 4, 
1671-1679. https://doi.org/10.1039/c5ta09450j 

[11] Tang, J. and Shintani, N. (2012) Graphene Supercapacitor. Materials Integration, 25, 
46-50. 

https://doi.org/10.4236/ojcm.2025.154010
https://doi.org/10.1002/smtd.201900005
https://doi.org/10.3390/molecules27010329
https://doi.org/10.3390/nano10122547
https://doi.org/10.1039/c5ta09450j

	Evaluation of Electrical Properties of Planar Supercapacitor with Substrate Made of Cellulose
	Abstract
	Keywords
	1. Introduction
	2. Experimental Methods
	2.1. Materials
	2.2. Fabrication Methods of Cellulose Film Added with Polyimide Powders
	2.3. Drawing Method of Carbonized Pattern
	2.4. Fabrication Method of Planar Supercapacitors
	2.5. Measurement for Electrical Resistance of Circuit Pattern
	2.6. Measurement for Specific Capacitance of Planar Supercapacitors
	2.7. X-Ray Diffraction Analysis of Carbonized Particles
	2.8. Raman Spectroscopy Analysis of Carbonized Particles

	3. Results and Discussions
	3.1. Electrical Resistance of Circuit Pattern
	3.2. Current-Voltage Curves of Planar Supercapacitor
	3.3. Specific Capacitance of Planar Supercapacitor
	3.4. X-Ray Structural Analysis Results of Carbonized Part
	3.5. Raman Spectroscopy

	4. Conclusions
	Acknowledgement
	Conflicts of Interest
	References

