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Abstract

This study introduces a successful modification of the bipolar electrochemistry (BPE) method to efficiently produce
and deposit high-quality reduced graphene oxide onto a conductive substrate. This innovative approach integrates
material production and device fabrication into a single-step process that is straightforward, controllable, cost-
efficient, and environmentally friendly. Microstructural analysis of the deposited material reveals the formation of
oriented graphene sheets on the substrate. For micro-supercapacitor fabrication, interdigitated gold microelectrode
arrays are generated through regular photolithography and subsequently employed as the conductive substrate in the
BPE process. The electrochemical assessment of the fabricated device through cyclic voltammetry and galvanostatic
charge/discharge verifies its outstanding specific areal capacitance. Notably, electrochemical impedance spectroscopy
unveils exceptional high-frequency responses, promising potential applications in AC/DC filter systems. A
comprehensive presentation of the detailed results will be delivered at the upcoming conference.
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Introduction

Bipolar electrochemistry (BPE) refers to the phenomenon in which asymmetric polarization and redox reactions are
wirelessly induced on a bipolar electrode (BE) under a sufficient electric field existing between two conductive feeding
electrodes. Consequently, due to the spatial variation of the BE/solution potential, reduction and oxidation reactions
occur simultaneously at both extremities of the BE [1-3]. BPE has found numerous intriguing applications across
various scientific and engineering disciplines, such as micro and nanofabrication[4,5], propulsion of small objects in
a solution[6], as well as in electroanalytical and sensing devices [7,8]. Recently, BPE has been demonstrated as a
promising 3-in-1 manufacturing approach for exfoliation, reduction, and deposition of 2D Van der Waals materials,
such as graphene and phosphorene, in DI water [1, 9-13]. In our work, we improved the BPE method and successfully
deposited high-quality reduced graphene oxide (rGO) on the negative feedback electrode through this improved
method [9]. We decoupled the cathodic and anodic exfoliation to understand the BPE mechanism [12]. Furthermore,
we developed a process to integrate graphene on microelectrodes, and demonstrated good capacitive performance for
AC/DC filtering application [13].

BPE and Microelectrodes

By dividing BE into two parts and modifying the typical BPE cell, as shown in Fig. 1(a), we were able to monitor
changes in bipolar current and total current passing through the two feeding electrodes. The increase of bipolar current
during the BPE process is an indicator of the acceleration of the exfoliation process [9]. By using the modified BPE
cell, we have demonstrated that high quality rGO can be formed on negative feeding electrode and graphene oxide
(GO) can be formed on positive feeding electrode. BPE has been proved to be a promising environmentally friendly
method for the exfoliation, reduction, and deposition of graphene. Khakpour et al, further integrated BPE with
photolithography process in order to achieve in-situ exfoliation and deposition of high quality rGO on microelectrodes
[14]. As shown in Fig. 1(b), gold-based interdigitated micro-current collectors (Au-MCC) were fabricated using
photolithography method. To avoid the lateral deposition of rGO in between the microelectrodes, a sacrificial
photoresist layer was patterned between the interdigitated gold microelectrodes. Fig. 1(c) shows a schematic drawing
of the modified BPE cell in DI water employed for deposition of vertically aligned rGO on the Au-MCC, which is
mounted on a piece of stainless steel as a negative feeding electrode. After deposition of rGO on the Au-MCC, the
sacrificial photoresist patterns were removed and a high fidelity rGO-based microsupercapacitor (rGO-MSC) was
formed.
Energy Harvesting and Storage: Materials, Devices, and Applications XIV, edited by

Peter Bermel, Naresh C. Das, Zunaid Omair, Proc. of SPIE Vol. 13027, 1302704
© 2024 SPIE - 0277-786X - doi: 10.1117/12.3018212

Proc. of SPIE Vol. 13027 1302704-1



b L el c
(D) e Mg, ()

Bl 111- 1+ cloping
[TV T av—

i V- Lin-O % ]

[~ - - - - - R -
Spin Coating - l .

LI E 2
- UV Exposure = | ——

[T %

Figure 1. (a) Schematic of the new bipolar electrochemical setup [9]. (b) [llustration of the fabrication process of the
interdigitated Au-MCC. (c) Schematic drawing of the BPE setup for fabricating the rGO-MSC [14]

Performance and Application

Our results demonstrated that highly reduced graphene layers with porous structure could be formed on the negative
electrode using modified BPE cell. As shown in Fig. 2(a) and 2(b), detailed cyclic voltammetry (CV) and galvanostatic
charge/discharge (GCD) were conducted to verify the electrochemical performance of the rtGO-based electrodes. The
electrochemical characterization revealed that the rGO-based thin film electrode on stainless steel substrate has a high
areal capacitance of 2 mF cm at the scan rate of 2 mV s [9]. The rGO-MSC could deliver a specific capacitance of
~640 pF cm? at a scan rate of 2 mV s [14]. As shown in Fig. 2 (c) and 2 (d), from electrochemical impedance
spectroscopy (EIS) study, it was also found that close to ideal capacitive behavior at frequencies lower than 1000 Hz.
The phase angle and specific capacitance of the rGO-MSC measured at 120 Hz were —81.2 deg and 65.2 puF cm™ 2
[14], which indicate its promising application in AC/DC filtering. Furthermore, the cut-off frequency (i.e., phase angle
is -45 deg) of 3974 Hz for the freshly prepared MSC and 3486 Hz after 50000 consecutive charge/discharge cycles
indicate excellent stability of the rGO-MSC. Finally, the rGO-MSC device has been validated in an actual AC filtering
circuit, compared to using a traditional aluminum electrolytic capacitor, excellent AC/DC filtering performance was
observed.
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Figure 2. (a) Cyclic voltammetry at different scan rates, and (b) galvanostatic charge-discharge results at different
current densities, of the fabricated rGO-MSC. (¢) The impedance phase angle as a function of frequency (bode phase
plot), and (d) specific areal capacitance as a function of frequency, for Au-MCC and rGO-MSC before and after 50000
cycling [14].
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Conclusions

We have demonstrated an eco-friendly approach for exfoliation, reduction and deposition of graphene using modified
BPE approach. The vertically aligned and highly rGO nanosheets were deposited on the Au-MCC to form rGO-MSC.
Time-domain and frequency-domain electrochemical analysis of the rGO-MSC device demonstrates excellent
stability and high electrochemical performance at high frequencies. Replacing a traditional aluminum electrolytic
capacitor using the rGO-MSC in standard AC filtering circuit demonstrated the promising application of rGO-MSC
in AC/DC filtering.
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