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H I G H L I G H T S  

• Bipolar electrochemistry is used to deposit vertically aligned graphene nanosheets. 
• Fabricated microsupercapacitors showed very high electrochemical capacitance. 
• The device exhibited close-to-ideal capacitive behavior even at high frequencies.  
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A B S T R A C T   

Fast response on-chip micro-supercapacitors (MSCs) with large energy storage capabilities are highly in demand 
for high-frequency circuits and systems such as alternating current (AC) line filters. Devices with vertically 
aligned graphene thin-film electrodes were shown to be promising in maintaining close-to-ideal capacitive 
behavior at high frequencies due to low ionic and electric resistances. This study investigates a novel in-situ 
integration of vertically aligned graphene layers with micro-sized gold current collectors in which a modified 
bipolar electrochemistry method has been applied. The electrochemical analysis revealed a high average 
capacitance of 640 μF cm− 2 (C.V − 1cm− 2) at a scan rate of 2 mV s− 1 for the fabricated MSCs and their excellent 
stability even after 50000 successive charge-discharge cycles by constant current. Most notably, the electro
chemical impedance spectroscopy results revealed that the MSCs exhibited very fast response and close-to-ideal 
capacitive behavior even at around 1000 Hz. Specifically, the phase angle and specific capacitance measured at 
120 Hz were − 81.2 deg and 65.2 μF cm− 2, respectively, in addition to a cut-off frequency of 3486 Hz at which 
the impedance angle is − 45 deg. The device was tested as the capacitive energy storage component in a standard 
AC line filter, and its performance was found comparable to a commercial off-the-shelf aluminum electrolytic 
capacitor.   

1. Introduction 

Given the recent developments in the fabrication of microelectronic 
devices, embedded micro-sized energy storage systems in which they 
can be directly integrated with other microelectronic compounds are 
becoming more and more in demand [1–3]. Microsupercapacitors 
(MSCs) are considered as promising alternatives to bulky electrolytic 
capacitors or batteries for on-chip applications given their simplicity in 
design, long lifetime, low heating effects, and safety considerations 
[4–10]. In addition, MSCs —as two-terminal devices— can be connected 

in parallel and series to meet the required capacity, voltage, and current 
of the intended load [11]. Supercapacitors can be categorized into three 
groups of (1) electrical double-layer capacitors (EDLCs), (2) pseudoca
pacitors, and (3) hybrid capacitors, based on the charge storage mech
anisms [12–14], and as such, their specifications and applications vary 
accordingly [10,14]. The EDLCs store the electrical charge in the 
double-layer structure formed at the electrolyte/electrode interface and 
exhibit a much faster response than the other two types [11–13,15]. 
However, the frequency response of EDLCs, which is typically in the 
range of several hundred milliseconds to several seconds, is still lagging 
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behind that of conventional aluminum electrolytic capacitors (AEC), 
which generally is in the range of several milliseconds. When applied to 
MSCs, even though the short diffusion paths between the microelec
trodes lower their time constants, the mechanistic weakness still limits 
their high-frequency on-chip applications, which necessitates exploring 
alternative strategies to further enhance the frequency response of 
MSCs. 

Among all the different available and demonstrated approaches [10, 
12,16–20], supercapacitors made by vertically aligned graphene elec
trodes, showed the most remarkable performance at high frequencies 
since this unique microstructure can minimize the electronic and ionic 
resistances and therefore increase the response rate of the device. 
Vertically aligned graphene electrodes have been successfully fabricated 
by various plasma-enhanced chemical vapor deposition techniques 
[21–24] or thermal decomposition of SiC [25]. However, the 
complexity, associated costs, and the elevated temperatures and vacuum 
system requirements make these methods challenging for device fabri
cation [12,18,25]. Recently, bipolar electrochemistry (BPE) has been 
developed as an alternative to the methods mentioned above. This 
technique is capable of in-situ integration of three steps of exfoliation, 
reduction, and deposition in an environmentally friendly, simple, and 
cost-effective fashion. Thus far, this technique has been successfully 
deployed to fabricate high-quality layered or vertically aligned 2D ma
terials (graphene [26–31] and phosphorene [29,32,33]). To the best of 
our knowledge no studies have reported vertically aligned graphene on 
miniaturized interdigitated supercapacitors. 

Typically, a BPE cell consists of a conductive material (bipolar 
electrode (BE)) placed wirelessly between two feeding electrodes of a 
conventional cell. When the conductivity of the BE is higher than that of 
the electrolyte, an interfacial potential difference (IPD) appears between 
the farthest edges of the BE. The magnitude of this IPD linearly depends 
on the distance between the farthest edges of the BE and the electric field 
in the solution. In the case that the IPD value is high enough, it can 
initiate redox reactions on the (anodic and cathodic) edges of BE [34,35] 
or electrochemical exfoliation of the BE if it is made of layered Van der 
Waals materials, such as graphite or black phosphorous [26–30,32,33]. 
The mechanism of this process has been studied in detail and reported in 
our previous work using a modified BPE design that allows to monitor 
either the anodic or cathodic reaction at a time [29]. We showed that 
both anions and cations from the electrolyte can intercalate into the BE 
lattice (i.e., graphite), which results in the simultaneous anodic and 
cathodic exfoliation of the BE. The exfoliated nanosheets are then 
dragged electrophoretically and deposited on the feeding electrodes 
surfaces thanks to the external field [29]. 

By considering the indisputable advantages of the BPE method over 
more conventional techniques for the synthesis of vertically aligned 
graphene and the necessities of addressing the frequency response of 
MSCs issues, this work investigates the compatibility of BPE for the 
development of high-performance on-chip MSC with a unique vertically 
aligned graphene microstructure. First, gold interdigitated micro- 
current collectors (Au-MCC) were fabricated using the photolithog
raphy method. Next, BPE was used to in-situ exfoliate and deposit 
vertically aligned rGO on Au-MCC. The electrochemical performance of 
the fabricated MSCs in the time and frequency domains has been 
investigated, and the results showed outstanding capacitive storage 
capability at high frequencies (e.g., ~ 65.2 μF cm− 2 at 120 Hz and 55 μF 
cm− 2 at 1000 Hz). The MSC device has been tested and validated in a 
practical AC line filtering circuit in which the results are promising for 
on-chip microelectronic applications. 

2. Materials and methods 

2.1. Fabrication of Au-MCC 

The fabrication of gold interdigitated MCC was conducted by 
photolithography. Fig. 1 (a) schematically depicts the fabrication pro
cess, which consists of the following steps: (1) A 4′′ Si/SiN (100) wafer 
was first spin-coated by hexamethyldisilazane (HMDS) as the adhesion 
promoter and then by AZ 1518 (from Microchemicals) at a rotational 
speed of 500 rpm for 10 s, and then 2900 rpm for 30 s (2) Soft baking of 
the wafer was conducted for 60 s at 100 ◦C on a hot plate. (3) The wafer 
was then patterned by an OAI 800 mask aligner with a UV dose of 60 mJ 
cm− 2 (4) After the exposure step, the photoresist development was 
carried out using diluted AZ 400 MIF (4:1 vol ratio of DI water to the 
developer) for ~60 s (5) The wafer was baked for 20 s at 65 ◦C and 70 s 
at 115 ◦C. (6) Next, O2 plasma cleaning was conducted to remove the 
remaining photoresist by reactive ion etching (RIE) at 100 W power for 
60 s (7) Then, e-beam evaporation was used for metallization of Cr/Au 
(20/100 nm) using a CHA evaporator. (8) Lift-off was carried out in 
sonication bath using AZ EBR solvent for 2 h, followed by acetone and 
isopropyl rinsing, and then N2 drying. (9) To avoid the lateral growth 
and deposition of graphene in between the microelectrodes, a sacrificial 
photoresist layer was applied and patterned between the interdigitated 
electrodes by repeating steps 1 to 5 on the wafer with fabricated gold 
microelectrodes. 

The optical microscopic checkout confirmed pattern transfer fidelity 
with interdigitated Au-MCC (thickness of ~120 nm) separated by 
sacrificial photoresist patterns (thickness of ~2 μm). There were 32 

Fig. 1. (a) Illustration of the fabrication process of the interdigitated Au-MCC. (b) Schematic drawing of the BPE setup.  
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interdigital fingers in total on each Au-MCC (16 for each electrode side) 
with lengths and widths of 6040 μm and 100 μm, respectively. The 
design provided a geometrical surface area of 9.66 mm2 on each side of 
Au-MCC. Based on the footprint area and the thickness of the electrodes, 
the device occupied as low as ~0.04 mm3 without packaging. In addi
tion to Au-MCC, carbon cloth and interdigitated carbon micro
electromechanical systems (C-MEMS) with 3D structure have also been 
used as the current collector to confirm the versatility of the BPE process 
for deposition of rGO on different substrates. The experimental details 
about the C-MEMS fabrication procedure have been reported in the 
previous studies [4–6,36]. 

2.2. Graphene synthesis and deposition 

Fig. 1 (b) shows a schematic drawing of the modified BPE cell in DI 
water employed to deposit vertically aligned rGO on the Au-MCC, which 
was mounted on the negative feeding electrode (stainless steel 316, 2 ×
1 cm2) of the BPE cell. The distance between the two feeding electrodes 
is 9 cm. Two graphite rods were placed between the feeding electrodes 
in a way that the distance of the farthest edges of the two was 7 cm. 
These two graphite rods were electrically wired outside of the electro
lyte. The BPE cell was designed and 3D printed (using PLA filament). A 
direct current (DC) voltage of 45 V was applied across the feeding 
electrodes for 24 h. In our previous study [29], it has been demonstrated 
that stirring the electrolyte of the BPE cell resulted in more uniform 
exfoliation-and-deposition of thin graphene sheets. Therefore, magnet 
stirring was added to the cell during the BPE process using a 1 cm 
magnet rod with a rotational speed of about 150 rpm. By the end of the 
BPE process, the MSCs were detached from the stainless steel feeding 
electrode and immersed in AZ EBR for 120 s to remove the sacrificial 
photoresist between the fingers. Finally, the substrates were thoroughly 
rinsed in isopropyl and DI water and then dried with N2 gas. 

2.3. Materials characterization 

The morphology of the deposited graphene on the interdigitated Au- 
MCC was investigated using a JEOL 7000 scanning electron microscopy 
(SEM). Raman analysis was carried out on a Raman spectrometer (in 
backscattering configuration) equipped with an argon-ion laser (Spectra 
Physics Model 177, 514 nm, 400 mW) and HoloSpec f/l.8i, Kaiser op
tical spectrograph. 

2.4. Electrochemical characterization of MSCs 

The electrochemical performance of the MSCs has been evaluated in 
a two-electrode symmetric configuration, where one set of microelec
trodes acted as the working electrode, and the other one was considered 
the counter electrode and reference electrode. The MSCs were immersed 
in 1 mol L− 1 Na2SO4 for 1 h before starting the measurements. A VMP3 
Bio-Logic multichannel potentiostat was used to evaluate the electro
chemical performance of fabricated devices using cyclic voltammetry 
(CV), galvanostatic charge/discharge (GCD), and electrochemical 
impedance spectroscopy (EIS) techniques. The CV tests were conducted 
at scan rates from 2 to 5000 mV s− 1, and the GCD tests at loading cur
rents from 25 to 250 μA cm− 2, both with the potential limits 0–0.8 V. For 
EIS measurements, the fully discharged MSCs (the DC voltage was 
around 0 V) were subjected to a 30 mV amplitude sinusoidal voltage 
with stepped frequencies from 1 MHz down to 100 mHz (6 frequency 
points per decade). The reported current and capacitance are normal
ized by the surface area of the microelectrodes (i.e., 9.66 mm2). 

2.5. AC line filtering circuit 

To evaluate the performance of the developed MSC as an AC line 
filter, it was used in a standard AC to DC circuit in which an input 60 Hz, 
Vpeak = ±1.0 V sinusoidal wave was rectified through a diode bridge 

resulting in a 120 Hz, Vpeak≃+0.8 V rectified wave. Both open circuit 
and loaded circuit (with a 39 kΩ resistor) were used for validating the 
filter performance. The developed MSC was separated by a switch from 
the rest of the circuit, so that the change in the output waveform of the 
filter could be monitored when the MSC was connected to the circuit. 
Reference experiments were carried out using a commercial AEC (rated 
10 μF, 16 V). 

3. Results and discussion 

Fig. 2 (a) shows a low-magnification SEM micrograph of the finger- 
like microelectrodes of the MSC device. Fig. 2 (b) presents a higher 
magnification SEM of the deposited graphene. The figure shows the 
formation of high surface area and porous structure of vertically aligned 
graphene nanosheets. It can be seen that graphene sheets (with di
mensions in the order of several hundred nanometers) formed a porous 
network on the current collector (similar to the structure reported in the 
previous study [27]). Such geometrical features are expected to be ad
vantageous for the high-frequency response and power performance of 
MSC devices by facilitating the rapid diffusion of ionic species [17,20]. 
Fig. 2 (c) presents the Raman spectrum of the deposited graphene on the 
Au-MCC substrates depicting typical Raman peaks of graphene materials 
(i.e., D-band at ~1350 cm− 1, G-band at ~1609 cm− 1, 2D peak at ~2700 
cm− 1, and D + G peak ~2910 cm− 1 [37]). It can be seen that the in
tensity of the D-band is lower than the one of the G-band, which con
firms the formation of highly reduced graphene oxide (rGO) on the 
surface (ID to IG intensity ratio is about 0.78) [27,37–39]. Similar results 
have been reported in our previous study for graphene deposited on the 
negative stainless steel feeding electrode of the BPE setup [27]. In 
addition to the gold microelectrode substrate, carbon cloth (Fig. S1 (a) 
and (b)) and C-MEMS microelectrodes (Fig. S1 (c) and (d)) have also 
been tried as current collectors in the BPE process. The successful 
deposition of vertically aligned graphene nanosheets on all of these 
substrates indicates the compatibility and versatility of the BPE process 
for deposition of rGO on various types of conductive substrates. 
Furthermore, the comparison of Figs. S2 and S3 clearly demonstrate the 
effectiveness of high-fidelity pattern formation using the sacrificial 
photoresist layer. Without the sacrificial layer (Fig. S2), the residue 
graphene can be observed between the fingers; while with the applica
tion of sacrificial layer (Fig. S3), deposition of graphene can be over
served only on top of the conductive parts of the substrate after 
dissolving the photoresist. 

In this study, the CV, GCD, and EIS measurement techniques were 
conducted to study the time domain and frequency domain performance 
of rGO-MSC, and as-is Au-MCC substrate for comparison. Fig. 3 (a) and 
S4 (a) present the CVs results of rGO-MSC and Au-MCC, respectively. 
The shapes of the curves are almost rectangular without any detectable 
current peaks over the covered voltage window from 0 to 0.8 V. This 
indicates that no faradaic reactions were taking place on the electrodes 
of these devices and that the charge storage mechanism is predomi
nantly physical through the formation of double-layer structure (as ex
pected for carbon-based electrodes). An increased tilting of the CV 
profiles with respect to the x-axis at higher charging/discharging rates 
was also remarked, which indicates increased resistive behavior in the 
device at the expense of capacitive energy storage. 

The GCD results of rGO-MSC and Au-MCC at different current den
sities are shown in Fig. 3 (b) and S4 (b), respectively. The GCD curves 
show relatively symmetric and quasi-triangular shapes at all tested 
current densities indicating close-to-ideal capacitive behavior of both 
rGO-MSC and Au-MCC. In the GCD test, the sudden voltage drop at the 
beginning of the discharge curve is typically associated with the irre
versible ohmic losses (i.e., iRs drop) in the series resistance of the MSCs. 
The GCD curves obtained in this study do not show a substantial voltage 
drop for any of the current densities we applied, indicating relatively 
low internal resistance of the MSCs. A comparison between the 
discharge time of the Au-MCC and rGO-MSC devices reveals that the 
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deposition of rGO by the BPE technique can significantly increase the 
capacity of the MSCs for storing the charge. It is evident that discharge 
time increased by about 30 times (from 0.126 s to 3.829 s) at the 
discharge current of 25 μA cm− 2. 

The non-ideal capacitive features in the current-voltage and voltage- 
time profiles are well-known for electrochemical capacitive devices, i.e., 
nonlinear charge-voltage profiles and thus non-constant, voltage, and 
rate-dependent characteristics capacitance function [40–42]. In 
response to an applied voltage, a net charge is accumulated on the 
surface of an electrode, which brings electrolytic counterions from the 
immediate vicinity of the electrode surface to rearrange themselves 
accordingly to balance this charge. The layer of charge in the electrolyte 
is then balanced by the formation of a second layer of 
concentration-dependent, diffuse charge. Subsequently, the ions in the 
double-layer structure rearrange and generate a current when the 
electrode voltage is changed —depending on its rate— as is the case of 
CV tests. Therefore, from the current-voltage dynamics (CV) and 
voltage-time profiles (GCD), it is difficult to estimate a characteristic 
capacitive function as commonly done in the literature from the simple 
division of charge by voltage. Nonetheless, for the sake of comparison, 
we computed the ratio C = 2

∫
i(V)dV/(vΔVA) (in units of C.V− 1cm− 2) 

using data from the CV curves, where C can be viewed as averaged value 
relating the voltage-averaged current (expressed by I = ΔV− 1 ∫ i(V)dV) 
to the voltage scan rate v, and normalized with respect to the micro
electrode’s geometric area A on each side of the MSCs. The computed 
values of C at the different scan rates of 2, 10, 50, 100, 200, 1000 and 
5000 mV s− 1 were found to be 640, 454, 346, 315, 281, 194, and 161 C.
V− 1cm− 2 (equivalent to μF cm− 2) respectively for rGO-MSC, and 61, 27, 
12, 9, 8, 7 and 5 C.V− 1cm− 2 (equivalent to μF cm− 2) respectively for 
Au-MCC device. Applying the cyclic triangular excitation in CV with the 

voltage scan rates of 2, 10, 50, 100, 200, 1000, and 5000 mV s− 1 is 
similar to exciting the device at the fundamental frequencies of 1.25 
mHz, 6.25 mHz, 31.25 mHz, 62.5 mHz, 125 mHz, 625 mHz, and 3.125 
Hz respectively, which explains the decrease in values of C as the scan 
rate is increased, as will be discussed further in the EIS results below. 

In order to investigate the capacity retention and cyclic performance 
of the fabricated devices, a rGO-MSC was charged and discharged 
50,000 consecutive times at the current density of 25 μA cm− 2. Fig. 3 (c) 
shows a plot of discharge capacity vs. cycle number. The 12% relative 
increase of capacity from the first to the last cycle without fading in
dicates an excellent stability performance of the device. Such behavior 
has been reported in other research studies [5] and can be explained by 
the electrochemical activation of the carbon materials during the 
charge-discharge process and/or an increased wettability of the 
electrodes. 

EIS analysis was conducted to study the performance of the MSCs as a 
function of frequency. The Nyquist plots, which are the illustration of 
the imaginary (-Im(Z)) vs. real (Re(Z)) parts of the impedance, are 
presented in Fig. 4 (a). The impedance of an ideal capacitor is purely 
imaginary and does not have a real part (i.e., Z = − j/(ωC) with C being 
the capacitance and ω the angular frequency), i.e., vertical line parallel 
to the y-axis. Both Au-MCC and rGO-MSC (fresh or after 50000 of 
charge/discharge cycles) showed some small deviations from the ideal 
capacitive behavior without any sizable, diffusion-related Warburg re
gion. Therefore, we used an equivalent circuit model of a series resis
tance Rs with a constant phase element (CPE) of total impedance being 
[27,43,44]. 

Z =Rs +
1

(jω)αCα
(1)  

to fit the data from 100 mHz to about 50 kHz. In this model, the value of 

Fig. 2. (a) Low magnification SEM image of microelectrodes. (b) SEM image of the vertically aligned graphene nanosheets deposited on the microelectrodes. (c) A 
Raman spectrum of deposited graphene. 

Fig. 3. (a) Cyclic voltammetry at scan rates of 2, 200, 1000 and 5000 mV s− 1, (b) galvanostatic charge-discharge results at current densities of 25, 50, 100 and 250 
μA cm− 2, and (c) the cycling performance (charge-discharge at 25 μA cm− 2) of the fabricated rGO-MSC. 
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α is between 1 and 0, Cα is a positive constant in units of F sa− 1, and jα =

cos
(

απ
2

)
+ j sin

(
απ
2

)
(Euler formula) [27,43,44]. At the limiting values of 

1 and 0 for α, the impedance function simplifies to that of an ideal 
capacitor and a resistor, respectively. Using equation (1), and by 
manually setting the values of Rs taken from the high-frequency in
tercepts of the impedance data with the real axis, we found an imped
ance phase angle − απ

2 = − 83 deg for Au-MCC device, whereas the phase 
angle for rGO-MSC is − 73 deg before cycling and − 78 deg after cycling. 

The deviation from ideal behavior can also be seen from the Bode 
phase plots in Fig. 4 (b), knowing that the phase angle for an ideal 
capacitor is − 90 deg, independently of the frequency and voltage. As it 
can be seen, all of the devices showed some deviations from the ideal 
capacitive behavior with relatively constant phase angle in the low- 
frequency region (lower than ~1000 Hz for rGO-MSCs and lower than 
~5000 Hz for Au-MCC). The minimum phase angle for rGO-MSC after 
cycling and Au-MCC were − 83.2 deg and − 87.7 deg, respectively. 
Moreover, as the frequency increased, the phase angles tended quickly 
towards the resistive behavior of zero impedance phase angle. When the 
phase angle is between − 90 deg and − 45 deg, the imaginary part of the 
impedance is larger than the real part. The frequency at which the 
imaginary and real parts become equal (i.e., the phase angle is − 45 deg) 
is called cut-off frequency or characteristic frequency (f0) that is 
commonly used as a figure of comparison between devices (Table 1). 
This parameter reveals up to what frequency range the device can be 
more effectively used as capacitive energy storage, albeit with some 
resistive losses that depend on the extent of the dispersion coefficient α. 
The inverse of the cut-off frequency is referred to the relaxation time 
constant (τ0 = 1/f0), which is the minimum time needed to discharge all 
the energy from the device with an efficiency greater than 50% [4,45]. 
From Fig. 4 (b), the cut-off frequency for Au-MCC was found to be as 
high as 11560 Hz. For rGO-MSC, a frequency of 3974 Hz for the freshly 
prepared device was found, whereas, after 50000 consecutive charge/
discharge cycles with 25 μA cm− 2, that value dropped to just 3486 Hz, 
showing the excellent (mechanical and chemical) stability of the rGO 
material, the adopted MSC design, and fabrication technique. The cor
responding relaxation time constants are 8.6 μs for Au-MCC, and 251 μs 

and 286 μs for the rGO-MSC before and after cycling, respectively. 
Compared to other microcapacitors [46–51], our results indicate that 
BPE-based vertically aligned rGO can deliver one of the shortest time 
constants. 

The real part of the impedance as a function of frequency for the 

Fig. 4. (a) Complex-plane representation of real vs. imaginary part of impedance (Nyquist plot), (b) impedance phase angle as a function of frequency (bode phase 
plot), (c) the device resistance as a function of frequency, and (d) specific areal capacitance as a function of frequency, for Au-MCC and rGO-MSC before and 
after cycling. 

Table 1 
The performance of different micro-supercapacitors fabricated to operate in AC 
line filtering application.  

Materials φ120(◦)  f0(Hz)  CA(μF 
cm− 2)  

Ref 

Azulene-bridged coordination 
polymer framework (PiCBA) 

− 73 3620 0.014a,b (at 
120 Hz) 

[52] 

Direct laser writing of graphene made 
from chemical vapor deposition 

− 76.2 2025 15a (at 200 
V s− 1) 

[46] 

Charge transfer salt and graphene 
heterostructure-based 

− 73.2 3056 151 (at 120 
Hz) 

[47] 

Metallic 1T-Phase MoS2 − 79a 1221 NA [48] 
RIE reduced graphene oxide − 68a 3579 13.5 (at 

200 V s− 1) 
[49] 

Composite of MXene and MWCNT − 79a 2000a 600a (at 
120 Hz) 

[50] 

Inkjet-Printed NiO − 25a 33 NA [51] 
Catechol-coordinated framework film 

(Cu-DTHAB film) 
− 84 16374 0.96a,b (at 

120 Hz) 
[53] 

High aspect ratio 3D nanoporous gold − 61 250a 800a (at 
200 V s− 1) 

[54] 

Oriented coordination polymer 
(Cobalt benzenetetramine 
tetrahydrochloride) 

− 78.6 6812 9a,b (at 120 
Hz) 

[55] 

Reduced Graphene Oxide and Carbon 
Nanotube Composites 

− 62 208 NA [10] 

B/N-Enriched semi-conductive 
polymer film 

− 67 1910 28a,b (at 
200 V s− 1) 

[56] 

Present work ¡81.2 3486 65.2 (at 
120 Hz)   

a Extracted from a graph of the original article, which may have caused some 
minor errors in the data readout. 

b The data is converted from volumetric specific capacitance to the specific 
areal capacitance. 
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tested devices is plotted in Fig. 4 (c). All devices show very low resis
tance (0.03 kΩ) at frequencies higher than 1 Hz. Specifically, at 120 Hz, 
the devices show mostly capacitive behavior with negligible resistive 
behavior. The capacitance of MSCs at different frequencies can be 
computed from Im(Z) = − j/(ωC), where ω = 2πf , which has been 
further normalized with respect to the geometrical area of the current 
collector at each side. The plot is provided in Fig. 4 (d). At the fre
quencies of 0.1 Hz, 1 Hz, and 1250 Hz, the corresponding capacitance 
for rGO-MSC after 50000 of GCD cycles was found to be 130 μF cm− 2, 96 
μF cm− 2, and 52 μF cm− 2 respectively, whereas for Au-MCC it was 5.29 
μF cm− 2, 0.59 μF cm− 2 and 0.0011 μF cm− 2, respectively. These results 
are consistent with those of CV and GCD tests. Table 1 provides a per
formance summary of recent MSC devices designed to operate at high 
frequencies and AC filtering applications. The data is summarized based 
on the characteristic frequency (f0), the phase angle at 120 Hz (φ120), 
and specific areal capacitance. It worth noting that the specific areal 
capacitances were computed at 120 Hz either using frequency domain 
analysis or at 200 V s− 1 (i.e., the fundamental frequency of 100 Hz for a 
voltage window of 1 V). The performance summary suggests that the 
rGO-MSC fabricated in this study provides one of the best-performing 
devices. It is worth noting that, as reported recently in Refs. [40–42], 
the frequency-domain definition of capacitance being the division of 
frequency-domain charge by voltage is better recommended for char
acterizing non-ideal capacitive devices as it is in line with the definition 
of impedance. Furthermore, if one assumes such a definition, we believe 
the appropriate way for computing the corresponding time-domain 
capacitance function is by deconvolution (convolution theorem of the 
Fourier transform) and not the division of charge by voltage as done for 
the computation of C. 

Finally, in order to evaluate the practical application of the fabri
cated rGO-MSC at high frequencies, it has been tested in an AC - DC 
filtering circuit (Fig. 5 (a), see section 2.5 for more details). The voltage 
output when the rGO-MSC device was not connected to any load (R = Ꚙ) 
is illustrated in Fig. 5 (b). As evident, the pulsing 120 Hz, Vpeak≃+0.8 V 
rectified signal was perfectly flattened when the rGO-MSC was con
nected to the circuit (switch on). However, it is worth noting that for 
valid performance evaluations, it is essential to connect a parallel load to 
the capacitive device to evaluate its performance in AC filtering appli
cations. The flattening can be done at open circuit conditions with any 

device, including a parasitic capacitance at the target frequency. In 
contrast, when a load is connected to the circuit, it will drain the stored 
energy from the capacitor when the input voltage is lower than that 
across the capacitor. In this situation, the magnitude of the fluctuations 
(ripple) in the flattened signal will change as a function of the stored 
capacity at that specific frequency. In light of the performance mecha
nism mentioned above, the performance of the rGO-MSC device as a 
filtering capacitor was evaluated when a resistor (R = 1 kΩ, 39 kΩ, and 
100 kΩ) was added to the circuit as a working load. The typical filtering 
performance with a 39 kΩ resistor is plotted in Fig. 5 (c), confirming that 
the rGO-MSC could successfully filter the pulsing signal even when a 
resistor simultaneously discharged it. The same experiment has been 
conducted using a 10 μF AEC, and the results are shown in Fig. 5 (d). 
Although the nominal capacitance of the AEC was almost three times 
higher than that of the rGO-MSC device (10 μF vs. 3.13 μF at 120 Hz), 
their filtering outputs are similar. However, the AEC (with a volume of 
about 215 mm3) is much bulkier than the miniaturized on-chip MSC. 

The high-frequency response of rGO-MSC can be attributed to the 
miniaturized MSCs design, and thus shorter length for ionic diffusion in 
response to external excitations. In addition to the highly structured and 
stable vertically aligned rGO electrodes (obtained by BPE) provides 
further enhancements in the charge storage capabilities. It is important 
be noted that BPE has excellent compatibility with semiconductor pro
cessing and could be applied to not only graphene but also for deposition 
of other 2D layered materials for forming morphogenic materials and 
interfaces with controllable morphologies, orientation, and structures. 
In principle, the ease of fabrication of microstructured electrodes and 
devices by the versatile, cost-efficient, and environmentally-friendly 
BPE process can be applied for fabricating other micro-sized electronic 
devices such as batteries, sensors, electrochemical transistors, and 
memristors, to cite a few. 

4. Conclusion 

In summary, we demonstrated a new strategy and approach for 
preparing vertically aligned graphene-based MSCs for high-frequency 
applications. A modified BPE process was employed to deposit verti
cally aligned and highly reduced rGO nanosheets on an Au-MCC current 
collector. The occurrence of lateral growth of graphene sheets between 

Fig. 5. (a) Schematic of the circuit which is used as the AC to DC convertor. The smoothing capability of the rGO-MSC subjected to a rectified 120 Hz wave (b) when 
no load was connected to the circuit, (c) when a 39 KΩ resistor was connected to the circuit as a load, (d) when MSC was replaced by a 10 μF commercial AEC 
for comparison. 

I. Khakpour et al.                                                                                                                                                                                                                               



Journal of Power Sources 516 (2021) 230701

7

the gold fingers during the BPE process has been prevented by adding a 
sacrificial layer of photoresist between the fingers. The time-domain and 
frequency-domain electrochemical analysis of the rGO-MSC devices 
demonstrated excellent stability and high performance for both energy 
storage at close-to-dc- frequencies as well as filtering capabilities for AC 
line filtering applications. In particular, from the EIS results, this study 
demonstrated that not only the deviation from ideal capacitive behavior 
was very small at low frequencies, but also promising capacitive per
formance at the high frequencies was observed. The use of rGO-MSCs in 
a standard 60 Hz AC filtering circuit showed that the device accom
plished excellent flattening performance comparable to a relatively 
bulky and massive off-the-shelf AEC. 
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