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ABSTRACT In recent times, there has been a great increase in the demand of flexible micro-supercapacitors
for use in many commercial applications. Flexible capacitors have the potential to replace conventional
batteries as they can provide competitive energy storage while being much smaller in size and having greater
lifetime than average lithium-ion batteries. The most used design for in-plane flexible micro-supercapacitors
is the interdigitated design. However, from findings of various recent studies, it is believed that the
capacitance of in-plane EDLC micro-supercapacitors can further be improved by changing electrode
designs. Different fractal designs have shown great promise to enhance the electrochemical performance
of in-plane micro-supercapacitors by maximizing the active surface area and minimizing the energy
lost during ion-transport. In this work, we successfully fabricate graphene-based, laser-scribed flexible
micro-supercapacitors and study the effects of change in geometry parameters on total capacitance. Four
different geometries for electrode were designed i.e., (1) interdigitated design, (2) fractal F1 (Hilbert) design,
(3) fractal F2 (Peano) design, and (4) fractal F3 (Moore) design, and were patterned onto the thin layer of
graphene oxide using laser scribing technique. Detailed analysis was presented for the change in capacitance
using cyclic voltammetry, galvanic charge-discharge, electrochemical impedance spectroscopy and elec-
trostatic simulation using COMSOL Multiphysics. It was found that fractal design micro-supercapacitors
give better performance with higher capacitance and energy density values in comparison to conventional
design interdigitated micro-supercapacitors. Among all, Fractal F3 design showed the highest capacitance
and energy density value in comparison to other devices. It was found that there were two factors affecting the
performance of devices, i.e., (1) a higher active surface area for fractal designs as compared to interdigitated
designs with the same unit area, and (2) in addition to electric double layer capacitance, there was also
electric field being generated on the edges of electrodes, defined as edging effect. Among both factors, the
latter was the major enhancer of capacitance in the fractal design devices.

INDEX TERMS Fractal, electric double layer capacitor, flexible electronics, graphene, laser scribing,
COMSOL multiphysics, micro-supercapacitor.

I. INTRODUCTION
In the recent times, there has been an increase in demand
for small flexible electronic devices, such as microrobots,
implantable medical devices and wearable sensors, that
require an efficient and compact device solution for energy
supply and storage [1], [2]. Solutions like 3D micro-batteries
and thin films have been proposed, but because of their
short life cycle and poor rate performance, they have
failed to achieve the requirements [3]. In comparison,
micro-supercapacitors with their long-life cycle, high power
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density and charge-discharge rate have shown promise for
such applications [4]. Moreover, micro-supercapacitors can
draw the maximum current that a source can apply and
charge most efficiently, irrespective of the voltage. The
aforementioned properties, therefore, make supercapacitors
the most efficient solution for self-powered system appli-
cations [5]. In terms of charge storage mechanisms, there
are two main types for supercapacitors: (1) electric dou-
ble layer capacitor (EDLC) and (2) pseudocapacitor [6]. In
EDLC, charge is stored electro-statistically (non-Faradically)
i.e., charges don’t shift between electrolyte and electrode
like conventional capacitors rather they are collected at
electrolyte-electrode interface. In contrast, pseudocapacitors
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store charge through fast and reversible oxidation-reduction
reactions, electrosorption and intercalation mechanisms on
the surface of electrode (Faradic process) [7]. EDLCs are
known to have high power density, whereas pseudocapacitors
are usually known for higher energy density than EDLCs [8].

Many materials with good porosity and high surface area
like MXenes, metal-organic frameworks (MOFs), graphene
etc. have been under study for energy applications [9]–[11].
Among them, graphene, a two-dimensional one-atom-thick
single layer of sp2-bonded carbon is considered to have
a great potential for energy storage [12]–[15]. It can
produce supercapacitors with great power because of its
high electrical conductivity and theoretical surface area
(2630 m2g−1). Graphene-based sandwiched supercapacitors
were initially fabricated by many researchers and their results
showed a high-power performance with better frequency
response, [12], [14], [16]–[18] but because of their struc-
ture, their integration into electronics systems was lim-
ited. Yoo et al. [19] was the first to study and report the
increase in specific capacitance of in-plane graphene-based
supercapacitors. They also engineered a method for direct
pattering of hydrated graphene oxide (GO) films, to fab-
ricate in-plane micro-supercapacitors using laser reduc-
tion [20]. After this discovery, they used an interesting
technique to fabricate supercapacitors while using hydrated
GO as both separator and electrolyte. Even though this
was a promising technique, the high internal resistance
and poor frequency response caused this device to fail for
practical applications. While keeping all these problems
into consideration, El-Kady et al. [21] fabricated interdigi-
tated flexible in-plane graphene-based micro-supercapacitors
using a standard market-grade LightScribe DVD Burner.
They developed micro-supercapacitors on flexible polyethy-
lene terephthalate (PET) substrate. They were able to
fabricate more than 100 micro-supercapacitors on a single
disc in less than 30 minutes with volumetric power
density of 200 Wcm−3. This study revolutionized the
approach and study for in-plane graphene-based micro-
supercapacitors. All the fabricated devices were highly
flexible and exceptionally thin.

Micro-supercapacitors are generally fabricated using pho-
tolithography [22]–[25]. However, the above mentioned,
facile and inexpensive technique of laser scribing has
shown great promise for preparation of high-performance
micro-supercapacitors on flexible substrates [26]–[28]. Light
scribing is a direct writing technique that is used to burn
graphics and text onto dye coated DVD or CD surface [26].
El-Kady et al. were the first who, instead of printing on
special dye, coated the disk with GO film and reduced it
by direct laser writing onto the surface. As a result, they
discovered an unusual photothermal effect that converted GO
to laser scribed graphene (LSG) [28], [30], [31].

Commonly known geometries for ELDCs are sandwiched
and in-plane interdigitated electrodes (IDE). Interdigitated
micro-supercapacitors show higher operating voltage, higher
power density, longer lifetime, and faster charge/discharge in

comparison with sandwiched structure micro-supercapacitor
devices. Although interdigitated micro-supercapacitors show
better performance than stacked geometry, some theoretical
studies suggest even further improvement in performance of
micro-supercapacitors by change in design.

Recently, Pei et al. [32] fabricated nanosupercapacitors
with fractal designs using focused ion beam and studied their
improvement in performance, based on electrochemical test-
ing and simulation, in comparison to conventional interdigi-
tated supercapacitors. The basic concept of fractal applies to
any object that has fragmented or self-similar form [33], [34].
From lines to loops, numerous topologies of fractal designs
are available, that can be modified for electronic applications.
Generally, a fractal design is created by initially designing
a unit cell, using an algorithm and then they are repeated
many times in different directions, orientations, and scales to
generate the resulting structure [35], [36]. Based on the pos-
sible superior performance of fractal designs, recently many
researchers have started working on fractal design electrodes
for various applications. Different research groups worked
on RF-MEMS capacitors [36], [37], stretchable electron-
ics [38], biosensors [39], optoelectronics devices [40], [41],
high density CMOS capacitors [42], neural simulation [43],
and in characterization of complex irregular surfaces [44]
with fractal designs. Theoretical studies have also supported
that fractal designs maximize the electrochemically active
surface area and enhance electrochemical system perfor-
mance, whereas losing minimum energy during ion transport
through fractal design network [34]. Also, an increase in area
can be accomplished while using fractal design electrodes,
that may cause increase in overall capacitance [45]–[48].

In this paper we systematically studied multiple
fractal designs to improve the performance of micro-
supercapacitors. Three different fractal designs were
simulated, fabricated, and their electrochemical performance
was compared with conventional interdigitated design micro-
supercapacitors. The fractal designs that were used by us are
(1) fractal Hilbert (F1) [49], fractal Peano (F2) [50], and frac-
tal Moore (F3) [51]. The objective of this study was to fab-
ricate graphene-based, flexible micro-supercapacitor devices
with fractal designs and compare their electrochemical per-
formance with interdigitated electrode designs. We also used
COMSOLMultiphysics to perform an electrostatic study and
investigate the behavior of an electric field around the edges
of micro-supercapacitor electrodes.

II. FABRICATION
Graphene was synthesized using modified Hummers
method [52] and polymer gel electrolyte, H3PO4/PVA, was
synthesized according to literature [53] (discussed in support-
ing information).

Structure for micro-supercapacitors consisted of four dif-
ferent designs, each of which had same electrode width
and gap between them. The structure designs shown in Fig-
ure 1 (a-d) were all first drawn on AutoCAD with electrode
width of 400µm and a gap of 185µm between them. After
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FIGURE 1. Computer generated designs of (a) IDE, (b) F1 (Hilbert), (c) F2
(Peano) and (d) F3 (Moore) designs for supercapacitors.

designing, all these patterns were converted into. BMP files
to allow importing of images into the laser scribing software.

For the patterning of laser scribed graphene, a LightScribe
DVD drive was used to pattern the desired designs on GO
films. Initially, the dispersed solution of synthesized GO was
prepared with the concentration of 5 mg ml−1 in DI water.
A Kapton polyimide film (0.25mm) was attached using adhe-
sive spray on the surface of LightScribe DVD disc. Dispersed
GO solution was then drop-casted on Kapton polyimide film
and then left to dry for almost 24 hours under ambient con-
ditions. After complete drying, the disc was inserted into
the drive for laser scribing of GO film. All four different
patterns were inserted separately into laser scribing software.
All four patterns were laser scribed on to GO film, converting
insulating golden-brown GO into highly conductive black
laser scribed graphene. It took about 20 minutes for each
pattern to be patterned precisely on to the GO film. In this
case, laser scribed graphene serves as both current collector
and active electrode, so laser scribed graphene pattern is used
directly as a micro-supercapacitor.

After completion of the patterning process, active elec-
trode pattern area is defined using Kapton (polyimide)
tape to avoid contact of electrolyte with current collector
area. The protected pattern is then coated with electrolyte.
For electrochemical testing of the device, copper tape was
applied to current collector edges to ensure a good contact
between micro-supercapacitor and electrochemical worksta-
tion. To improve the contact, silver paste was applied at
the edge of the copper tape in a way that it covers half on
copper tape and half on current collector, working as a contact
between the two. Then micro-supercapacitor device is left
under ambient conditions to allow electrolyte to fully access
all the parts of the electrodes and also evaporate any amount
of excess water. After drying, the resulting device is a fully
functional micro-supercapacitor and can be characterized and
tested for any application. Figure 2 shows the schematic

FIGURE 2. Step-by-step fabrication process of micro-supercapacitor
devices.

FIGURE 3. Fabricated (a) IDE, (b) F1, (c) F2 and (d) F3 design
micro-supercapacitor devices.

diagram the fabrication process. Figure 3 shows snapshots of
the actual fabricated micro-supercapacitor devices.

III. RESULTS & DISCUSSIONS
Before the fabrication of micro-supercapacitor devices,
graphene as a material was characterized to study the
changes from GO to LSG after reduction. Characteriza-
tion techniques of X-ray Diffraction (XRD), Raman Spec-
troscopy, Scanning Electron Microscopy (SEM), and Optical
Profilometry were used for this study. Fourier Transform
Infrared Spectroscopy (FTIR) was used to characterize the

VOLUME 9, 2021 154959



A. W. Syed, M. A. Mohammad: LSG-Based Flexible Microsupercapacitors With Fractal Design

synthesized electrolyte (H3PO4). These results are discussed
in supporting information (Figure S1-S5).

Next, micro-supercapacitors of all four different designs
were electrochemically characterized using Cyclic Voltam-
metry (CV), Galvanic charge-discharge (GCD), and Electro-
chemical impedance spectroscopy (EIS).

Figure 4 (a-d) shows Cyclic voltammetry (CV) curves
for all four (IDE, F1, F2, F3) micro-supercapacitors at four
different scan rates (10 mV s−1, 20 mV s−1, 50 mV s−1,
100 mV s−1). Figure S9 - S12 shows CV curves of all
four micro-supercapacitor devices at all various scan rates
(5 mV s−1, 10 mV s−1, 20 mV s−1, 30 mV s−1, 40 mV s−1,
50 mV s−1, 100 mV s−1, 200 mV s−1, 400 mV s−1,
600 mV s−1, 800 mV s−1, 1000 mV s−1). The CV was
performed at a potential window of 0 to 1 V. Cyclic voltam-
mogram shows rectangular (more like lens-shaped) charac-
teristics with the lack of any oxidation or reduction peaks.
This behavior clearly indicates electrochemical double layer
capacitor (EDLC) behavior micro-supercapacitors. The value
of current density in response to the applied potential dif-
ference increases with the scan rate. Figure S6 (Supporting
information) shows the comparison of CV curves at scan rate
of 1000 mV s−1. It is observed from the graphs that current
density of fractal electrode design micro-supercapacitors is
a bit higher than IDE electrode design micro-supercapacitor
and fractal design CV graph also show more area under the
curves, indicating higher capacitance value for fractal design
supercapacitors.

After studying the capacitive nature of the device
through cyclic voltammogram, we characterized with gal-
vanic charge-discharge (GCD) testing for further study.
Figure 5 (a-d) shows GCD curves for all designs of
micro-supercapacitors at four different current densities
(3 µA.cm−2, 5 µA.cm−2, 7 µA.cm−2, 9 µA.cm−2).
Figure S13 - S16 shows GCD curves of all four
micro-supercapacitor devices at all various current densi-
ties (3 µA.cm−2, 4 µA.cm−2, 5 µA.cm−2, 6 µA.cm−2,
7 µA.cm−2, 8 µA.cm−2, 9 µA.cm−2, 10 µA.cm−2,
11 µA.cm−2, 12 µA.cm−2, 13 µA.cm−2). GCD results
show triangular curves, confirming the EDLC behavior. The
voltage drop observed at start of each discharge curve, also
known as iR drop, is the measure of overall resistance of
the device. Discharge curve and iR drop value are in direct
proportion to each other. Small iR drop is observed in the
galvanic discharge curves for all devices, indicating low resis-
tance for tested micro-supercapacitor devices which confirms
a good power density of devices. Figure S7 (Supporting
information) shows the comparison of GCD curves at current
density of 3 µA.cm−2. It is also observed that there is a
significant increase in discharge time for fractal designmicro-
supercapacitors, indicating higher capacitance value.
Electrochemical impedance spectroscopy (EIS) was

performed to analyze the internal resistance of micro-
supercapacitor devices. Testing frequency range was set
from 100 mHz to 1 MHz. The Nyquist plots calculated
from EIS are shown in Figure S8 (Supporting Information)

from all four micro-supercapacitors. The equivalent series
resistance calculated from all different micro-supercapacitor
Nyquist plots ranged between 2� and 7�, which is a low
resistance value and indicative of a good ion diffusion. LSG
micro-supercapacitors are known to have good frequency
response with very little relaxation time [21].

Flexibility of electronic devices is an important aspect
because of their potential applications inwearable electronics,
roll-up displays, smart sensors etc. F3 design micro-
supercapacitor device was electrochemically tested for CV
and GCD curves, while bending the device at 30◦ angle. The
results showed similar behavior as in comparison to behavior
of F3 device at 0◦. Capacitance of the device was also cal-
culated from GCD curves and results showed the same value
at 30◦ as it showed on 0◦ (Figure S17 shows CV and GCD
graph of bent F3 device at 30◦ angle). The cyclic stability was
evaluated using F3 design micro-supercapacitor (as shown in
Figure 6) by continuous charge discharge for 5000 cycles.
Results showed 96% retention of initial capacitance value
after 5000 cycles.

FIGURE 4. Cyclic voltammetry of all four micro-supercapacitor electrode
designs. (a) IDE, (b) F1, (c) F2, and (d) F3 electrode design.

A. COMPARISON
After a detailed characterization and study of devices,
we have observedmannerism of improvement in performance
of the devices. Areal capacitance of all micro-supercapacitors
was calculated from GCD curves as discussed in the Sup-
porting Information. Figure 7 shows the comparison of areal
capacitance calculated from charge discharge curves. It is
observed that areal capacitance increases with decreasing
applied current density. Another thing that can be seen
clearly from the graph is that fractal designs have higher
areal capacitance value than IDE design. The maximum
capacitance value obtained was ≈1.7 mF.cm−2 at 3µA from
F3 fractal design micro-supercapacitor, whereas maximum
capacitance obtained from IDE design micro-supercapacitor
was ≈0.8 mF.cm−2 at the same value of current density. The
calculated capacitance value for F3 fractal design ismore than
twice the value of capacitance calculated from IDE design
micro-supercapacitor.
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FIGURE 5. Galvanic charge-discharge of all four micro-supercapacitor
electrode designs. (a) IDE, (b) F1, (c) F2, and (d) F3 electrode design.

FIGURE 6. The capacitive retention (stability) of F3 design
micro-supercapacitor at 5000 cycles.

Energy and power density for all micro-supercapacitors
was calculated as discussed in the Supporting Information.
Figure S8 (supporting information) shows Ragone plot for
comparison of all micro-supercapacitors. A similar manner-
ism is observed that fractal design micro-supercapacitors
show higher energy density than IDE design micro-
supercapacitor at same value of power density. It is also worth
noting that the energy densities decrease gradually as the
power density is increased.

B. DISCUSSION
After these results and observations, it is very important
to understand that why fractal design micro-supercapacitor
devices were able to perform better than conventional IDE
design supercapacitor and what are the factors that affect such
improvement. Evaluating the factors, the first thing noted
is the area of the device. The material and electrolyte used
were the same for all the micro-supercapacitor devices and
the distance between the electrodes and electrode width were
also kept constant while designing the patterns. When the
area of different devices was calculated, F3 design area was
71.4560 mm2 whereas IDE design area was 71.3643 mm2.

FIGURE 7. Comparison of areal capacitance of all four designs of
micro-supercapacitor.

FIGURE 8. Electrode area comparison of (a) IDE and (b) F3 design
micro-supercapacitors.

Results showed that F3 electrode design have 0.13% more
area of electrode than IDE electrode design for the same unit
base area, which is not much, but one of the factors for fractal
design micro-supercapacitor’s better performance (as shown
in Figure 8).

The other factor that seemed to be improving capacitance
of fractal design micro-supercapacitor over IDE design is the
edging effect. Edging effect is a well-known phenomenon for
IDE design capacitors. In comparison with any round-shaped
or continuous electrode, an edge-intensive electrode will
have increased electric field lines of force or lateral electric
flux, known as fringing fields. These fields will result in
a greater accumulation of charge (electrolyte ions) on or
near the electrodes, that will induce an enhanced electrostatic
capacitance [4], [36], [42], [45], [54]–[56]. In case of fractal
design electrodes, they have higher number of open and rough
edges that leads to enhanced lateral electrical flux and more
efficient accumulation of electrostatic charge because of their
unique designs, causing better edging effect and increase in
capacitance than IDE design electrodes (as shown in Figure
9) [32]. However, in terms of fractal design electrodes, the
number of open edges depend upon its geometry and its
order number. Fractal designs with different geometries have
different number of edges, and fractal designs with same
geometry but different order number will have different count
of edges, hence explaining different capacitance values for
different fractal design micro-supercapacitors.
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FIGURE 9. Schematic comparison of edging effect of (a) IDE design and
(b) fractal design micro-supercapacitor. (c) Electrical lines of force on
edge in fractal design.

FIGURE 10. Comparison of electric field of (a) IDE design and (b) fractal
design micro-supercapacitor obtained from COMSOL multiphysics
simulation.

Figure 10 shows distribution of electric field in IDE
design micro-supercapacitor and fractal design F3 micro-
supercapacitor. COMSOL Multiphysics simulation tool was
used to get these images. It is very clear from the images

TABLE 1. Comparison of our work with similar previous work.

that strength of electric field increases near the edges in both
electrode designs and since the fractal design has more open
edges, so they collect more charge and hence it gives a higher
capacitance.

Table 1 shows the comparison of our work with similar
research done in the past. The capacitance value achieved
by F3 design micro-supercapacitor device was found to be
much higher, in comparison to the research work done on
graphene-based supercapacitors in the past. Beside the works
referenced in the table, we would also like to call the attention
of the community towards the paper by Thekkekara et al. [48]
in which they have demonstrated 300 times increase in capac-
itance compared to IDE structure. This paper does not seem to
be in line with other papers comparing fractal and non-fractal
structures and since the trend may be questionable, it is not
included in the comparison.

IV. CONCLUSION
In this work, we successfully fabricated laser scribed flexible
micro-supercapacitors and studied the effects of change in
geometry parameters on the total capacitance. Four superca-
pacitors, i.e., one conventional interdigitated and three fractal
designs, were fabricated and studied using electrochemical
testing. We found that fractal design supercapacitors show
better performance in comparison to conventional IDE design
micro-supercapacitors. Fractal design micro-supercapacitors
showed better areal capacitance and higher energy density
than IDE design micro-supercapacitor. Among all, F3 design
showed the highest capacitance value of ≈1.7 mF.cm−2

which is more than twice the value of capacitance of IDE
design micro-supercapacitor (i.e., ≈0.8 mF.cm−2). We also
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discovered that fractal design micro-supercapacitors had a
higher active surface area. F3 design showed 0.13% increased
electrode area in comparison to IDE design. Even though
it caused an improvement in performance of fractal design
micro-supercapacitors, but with this small variation, its con-
tribution to the cause was not as much, in comparison to
increase in capacitance value. To investigate it further,
we studied the effect of fringing fields in the literature and
then COMSOLMultiphysics simulation was also performed.
The simulations helped to verify the ‘‘edging effect’’ and how
the force of electric field lines along the edges of in-plane
supercapacitors improve and how their impact increase fur-
ther in case of high order fractal design supercapacitors, that
results in higher capacitance for fractal designs.
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