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Abstract:

The demand for portable and wearable electronic devices necessitates

miniaturized and flexible energy storage solutions. For high-power demands in such

devices, microsupercapacitors are essential. Polypyrrole (PPy) is a promising material

for microsupercapacitor electrodes due to its low-cost fabrication, high conductivity,
and other desirable properties. This study focuses on electrochemically depositing PPy

onto commercially available disposable electrochemical printed (DEP) chips for

microsupercapacitor applications. Using cyclic voltammetry, PPy was successfully
deposited on Interdigitated Carbon Electrode, Round carbon electrode, and round gold

electrode substrates. Capacitance variations were observed, with the PPy-modified
round carbon electrode showing the highest capacitance. This work demonstrates the

feasibility of PPy deposition on DEP chips for microsupercapacitor applications.
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1. INTRODUCTION

The increasing demand for portable electronic
devices has indeed fueled the necessity for
miniaturized energy storage solutions, such as
microsupercapacitors. Additionally, the growing
popularity of wearable technology underscores the
need for energy storage devices that are not just
portable but flexible as well. To meet these evolving
needs, researchers are exploring conducting polymer-
based microsupercapacitors(Han & Dai, 2019; Wang
et al., 2020; Zhang et al., 2022).

Among the various conducting polymers
investigated for microsupercapacitor electrodes,
polypyrrole (PPy) emerges as a particularly promising
option. PPy is deemed a good candidate due to the ease
and low cost at which it can be synthesized, its high
conductivity, its high capacitance, its high cycling
stability, and its ability to withstand high current
densities (P. Li et al., 2023; X. Li et al., 2020; Ma et
al., 2021; Tian et al., 2021; Wang et al., 2020).

PPy can be synthesized by different methods,
but the most prominent methods are by chemical
polymerization and electrochemical polymerization.
In chemical polymerization, a stoichiometric amount
of oxidant is used to induce the polymerization of
pyrrole. On the other hand, in electrochemical
polymerization, an electric current is applied on an
electrode to cause the polymerization of pyrrole on its
surface. While chemical polymerization is the older of
the two methods, electrochemical polymerization has
become more commonly used as it enables better
control over polypyrrole film thickness and mass ratio,
produces polypyrrole films with higher conductivity,
and can synthesize PPy faster than chemical methods
(Borges et al., 2023; Istakova et al., 2018)

In this work, PPy was electrochemically
polymerized onto the working electrodes of
commercially available disposable electrochemical
printed (DEP) chips for potential microsupercapacitor
applications. The small dimensions of working
electrodes of 0.009 cm? for the interdigitated geometry
and 0.0314 cm? for the round geometry necessitated
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modifications of the laboratory set-up commonly used
for the electrodeposition of PPy on much larger
electrodes. Potentiodynamic electropolymerization, or
Cyclic Voltammetry (CV), was chosen as the
electropolymerization technique as such method can
produce nanostructured morphologies (Gvozdenovic et
al,, 2014) for larger surface areas. The CV
characteristics of the PPy-modified working electrodes
were then compared by using a handheld potentiostat.

2. METHODOLOGY

DEP chips were obtained from from Bio-device
technology (BDT) Limited Company, 923-1211
Ishikawa-ken, Nomi City, Asahidai Ishikawa
Creating Laboratory 106, as is shown in Figure 1. As
is seen in the figure, three different types of chips were
used: (a) a DEP chip with an interdigitated carbon
working electrode (ICE), (b) a DEP chip with a round
carbon working electrode (RCE), and (c) a DEP chip
with a round gold electrode (RGE).  Each chip
features an Ag/AgCl reference electrode. They share a
standard size of 12 millimeters in total length and 3
millimeters in total width. The interdigitated
electrodes on the ICE chip consist of 9 digits, each
measuring 1 millimeter in length and 0.1 millimeters
in width, separated by a 0.05-millimeter gap.
Meanwhile, both the round carbon and round gold
electrodes have diameters of 2 millimeters.

Electrodeposition of PPy on the chips was done
by Cyclic Voltammetry in a three-electrode system at
room temperature and low light condition under
nitrogen environment at a scan rate of 20 mV/s, at a
voltage range of 0 - 0.80 V, for 8 cycles, and with
vigorous stirring. The polymerization solution
consisted of 0.1 M pyrrole monomer (Fujifilm Wako),
0.12 M Sodium p-toluenesulfonate (Na p-TS) (Aldrich)
as dopant, and 0.1 M Zinc Oxide (Sigma Aldrich) as co-
50 mL distilled water. The
electropolymerization was done using an SRS EC301
Potentiostat/Galvanostat.
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Figure 1. Tested Electrodes. (a) Bare ICE, (b) bare
RCE, and (c) bare RGE DEP chips

CV characterization of the PPy-modified
working electrodes were done by three electrode
system using a BDT Ministat 100 hand-held
potentiostat in 1 molar NaCl.

3. RESULTS AND DISCUSSION

Polypyrrole was successfully electrodeposited
on the working electrodes of each DEP chip as is
evident in the darker coloration of the working
electrodes in each DEP chip in Figure 2.

Figure 2. Magnified image of (a) ICE, (b) RCE, and
(c) RGE DEP chips after PPy Electrodeposition



To evaluate the energy storage performance
of the PPy-modified electrodes, cyclic voltammetry
was performed in a three-electrode cell system using
1 M NaCl as the electrolyte. Figure 3 illustrates the
CV curves of the PPy-modified ICE, RCE, and RGE
electrodes versus the Ag/AgCl reference electrode,
with a potential window of -0.2 to 0.4 V and a scan rate
of 20 mV/s. Notably, the area enclosed by the CV curve
of the PPy-modified ICE electrode appears smaller
compared to that of the PPy-modified RCE and RGE
electrodes. This discrepancy arises from the smaller
geometric area of the interdigitated working electrode
relative to the round working electrodes. Additionally,
the CV curve of the PPy-modified RCE electrode
exhibits a quasi-rectangular shape, indicative of
electric double-layer capacitance behavior (Noori et
al., 2019).
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Figure 3. CV curves of PPy-modified ICE, RCE, and
RGE electrodes vs. Ag/AgCl at a scan rate of 20 mV/s
in 1 M NaCl

Figure 4 displays the CV curves of the PPy-
modified ICE, RCE, and RGE electrodes relative to the
Ag/AgCl reference electrode, with a potential window
spanning from -0.2 to 0.4 V and a scan rate of 100 mV/s
in 1 M NaCl. Notably, compared to the CV curves at
20 mV/s in Figure 3, those at 100 mV/s exhibit a more
pronounced blunt and slanted shape, as anticipated at
higher scan rates. This phenomenon is attributed to
the overlapping effect of double-layer and
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pseudocapacitive charge storage mechanisms between
the electrode's active materials and the electrolyte,
along with a rise in the system's internal resistance
(Noori et al., 2019).

Figure 4 also indicates that the area enclosed
by the CV curve of the PPy-modified RCE is larger
than that enclosed by the CV curve of the PPy-
modified RGE. This finding aligns somewhat with the
observation made by Tahir et al. (2023), who noted
that the capacitance of an MSC with PPy-Carbon
Nanotube (CNT) on reduced Graphene Oxide (+rGO)
electrode is greater than that of an MSC with PPy on
a gold electrode. This difference may be attributed to
the higher surface area of the PPy-CNT composite on
rGO and its strong adhesion to rGO (Tahir et al.,
2023).

Upon closer examination of Figure 3 and
Figure 4, it becomes evident that the area of the CV
curve of the PPy-modified RGE is larger at 20 mV/s
compared to its counterpart at 100 mV/s. This
discrepancy could be attributed to the poor adhesion
of gold on the carbon electrode, as evidenced in Figure
2¢. It is plausible that the PPy film may have
deteriorated after repeated CV scans, contributing to
this difference

Moreover, Figure 3 and Figure 4 reveal that
the area enclosed by the CV curve of the PPy-modified
RCE deviates from its quasi-rectangular behavior at
the higher scan rate of 100 mV/s.
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Figure 4. CV curves of PPy-modified ICE, RCE, and
RGE versus Ag/AgCl at 100 mV/s in 1 M NaCl
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The areal capacitance Curea 0f the PPy-modified
electrodes were estimated from the CV curves using

1 Vz.
Careal = mf idv (&)
vy

where A is the geometric area of the working electrode,
AV is the potential window, r is the scan rate, V; and
V, are the initial and final potentials, respectively, and
f\yl ?idV is the area enclosed by the CV curve. The

calculated areal capacitance using equation (1) at
different scan rates are summarized in Table 1.

Table 1. Areal Capacitance of the Different Electrode
Materials at 20 and 100 mV/s

DEP Areal Areal
Chip Capacitance Capacitance
at 20 mV/s at 100 mV/s
(milliFarad/cm?)  (milliFarad/cm?)
ICE 5.472 1.936
RCE 12.532 4.868
RGE 11.482 2.222

It can be seen from Table 1 that the PPy-
modified working electrode of the RCE DEP chip
exhibits the highest areal capacitance, which is at
12.532 mF/cm? at a scan rate of 20 mV/s and 4.868
mF/cm? at a scan rate of 100 mV/s. Additionally, the
PPy-modified working electrode of the RGE DEP chip
demonstrates an areal capacitance of 11.482 mF/cm?
at a scan rate of 20 mV/s and 2.222 mF/cm? at a scan
rate of 100 mV/s. Meanwhile, the PPy-modified
working electrode of the ICE DEP chip yields an areal
capacitance of 5.472 mF/cm? at a scan rate of 20 mV/s
and 1.936 mF/cm? at a scan rate of 100 mV/s.

4. CONCLUSIONS

This preliminary study aimed to electrochemically
deposit polypyrrole onto the working electrodes of
commercially available screen-printed or digitally
printed electrochemical (DEP) chips for potential
microsupercapacitor applications. The working
electrodes varied in terms of their geometry and

composition. Electropolymerization was successfully
achieved, and the vresults revealed notable
differences in the capacitance values among the
modified electrodes. Specifically, the PPy-modified
interdigitated carbon electrode (ICE), with a
significantly smaller geometric area compared to the
round carbon electrode (RCE) and round gold
electrode (RGE), exhibited a lower capacitance value
of 5.472 mF/cm?. Conversely, the capacitance of the
PPy-modified RCE was notably higher at 12.532
mF/cm? compared to the capacitance of the PPy-
modified RGE, which measured 11.482 mF/cm?,
despite having a similar geometric area. This
preliminary work underscores the feasibility of
electrodepositing PPy onto commercially available
DEP chips.

5. ACKNOWLEDGMENTS

This work would not have been possible
without the support of Prof. Dr. Eiichi Tamiya and
Dr. Shuto Osaki of the National Institute of
Advanced Industrial Science and Technology
(AIST)-Osaka University (OU) Advanced Photonics
and Biosensing Open Innovation Laboratory
(PhotoBIO-OIL).

6. REFERENCES

Borges, M. H. R., Nagay, B. E., Costa, R. C., Souza, J.
G. S., Mathew, M. T., & Bardo, V. A. R. (2023).
Recent advances of polypyrrole conducting polymer
film for biomedical application: Toward a viable
platform for cell-microbial interactions. Advances in
Colloid and Interface Science, 314, 102860.
https://doi.org/10.1016/j.cis.2023.102860

Gvozdenovic, M., Jugovic, B., Stevanovic, J., &
Grgur, B. (2014). Electrochemical synthesis of
electroconducting polymers. Hemijska Industrija,
686), 673-684.
https://doi.org/10.2298/HEMIND131122008G

Han, Y., & Dai, L. (2019). Conducting Polymers for
Flexible Supercapacitors. Macromolecular Chemistry
and Physics, 220(3), 1800355.
https://doi.org/10.1002/macp.201800355



Istakova, O. I., Konev, D. V., Medvedeva, T. O.,
Zolotukhina, E. V., & Vorotyntsev, M. A. (2018).
Efficiency of Pyrrole Electropolymerization under
Various Conditions. Russian Journal of
Electrochemistry, 5412), 1243—1251.
https://doi.org/10.1134/51023193518130190

Li, P., Shi, K., Zhang, G., Li, W., Yu, Z., Han, Z.,
Wang, F., Peng, Z., Shi, H., Zhu, X., Han, Y., & Lan,
H. (2023). Flexible, long cycle-life micro-
supercapacitor with polypyrrole@Ag-wall
interdigitated electrodes fabricated by micro-3D
printing and electrochemical polymerization. Journal
of Manufacturing Processes, 94, 338—34"7.
https://doi.org/10.1016/j.jmapro.2023.03.042

Li, X., Ma, Y., Shen, P., Zhang, C., Cao, M., Xiao, S.,
Yan, J., Luo, S., & Gao, Y. (2020). An Ultrahigh
Energy Density Flexible Asymmetric
Microsupercapacitor Based on Ti3C2Tx and
PPy/MnO2 with Wide Voltage Window. Advanced
Materials Technologies, 58), 2000272.
https://doi.org/10.1002/admt.202000272

Ma, S., Li, W., Cao, J., Wang, X., Xie, Y., Deng, L.,
Liu, H., Huang, Z., Sun, L., & Cheng, S. (2021).
Flexible Planar Microsupercapacitors Based on
Polypyrrole Nanotubes. ACS Applied Energy
Materials, 49), 8857—8865.
https://doi.org/10.1021/acsaem.1c00962

Noori, A., El-Kady, M. F., Rahmanifar, M. S., Kaner,
R. B., & Mousavi, M. F. (2019). Towards establishing
standard performance metrics for batteries,
supercapacitors and beyond. Chemical Society
Reviews, 48(5), 1272—1341.
https://doi.org/10.1039/C8CS00581H

Tahir, M., He, L., Li, L., Cao, Y., Yu, X., Lu, Z., Liao,
X., Ma, Z., & Song, Y. (2023). Pushing the
Electrochemical Performance Limits of Polypyrrole
Toward Stable Microelectronic Devices. Nano-Micro
Letters, 15(1), 49. https://doi.org/10.1007/s40820-023-
01027-3

Tian, W., L1, Y., Zhou, J., Wang, T., Zhang, R., Cao,
dJ., Luo, M., Li, N., Zhang, N., Gong, H., Zhang, J.,
Xie, L., & Kong, B. (2021). Implantable and

DLSU Research Congress 2024
De La Salle University, Manila, Philippines
June 20 to 22, 2024

Biodegradable Micro-Supercapacitor Based on a
Superassembled Three-Dimensional Network
Zn@PPy Hybrid Electrode. ACS Applied Materials &
Interfaces, 1X7), 8285-8293.
https://doi.org/10.1021/acsami.0c19740

Wang, Z., Zhu, M., Pei, Z., Xue, Q., Li, H., Huang, Y.,
& Zhi, C. (2020). Polymers for supercapacitors:
Boosting the development of the flexible and
wearable energy storage. Materials Science and
FEngineering: R’ Reports, 139, 100520.
https://doi.org/10.1016/;.mser.2019.100520

Zhang, P., Yang, S., Xie, H., Li, Y., Wang, F., Gao,
M., Guo, K., Wang, R., & Lu, X. (2022). Advanced
Three-Dimensional Microelectrode Architecture
Design for High-Performance On-Chip Micro-
Supercapacitors. ACS Nano, 16(11), 17593—-17612.
https://doi.org/10.1021/acsnano.2¢07609



