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Abstract—Integrated power sources have a critical role in the
operation of miniaturized, lightweight, wearable medical and IoT
devices. Such power sources should be ideally grown directly on
the package substrates for low-impedance power delivery and
assembled in planar architectures while also achieving higher
power densities. This paper shows laser-induced graphene
supercapacitors on flexible packages to address that critical need.
With the proper selection of laser wavelength and power,
polyimide can be selectively transformed into porous graphene to
form high surface area electrodes. These graphene layers are
integrated with copper tape to a stainless-steel substrate to form
planar supercapacitor layers. Initial testing was performed with
liquid electrolytes. Capacitance densities of 1.2 mF/cm?,
comparable to current porous graphene capacitors but with a
simpler  process, was thus achieved. This unique
nanomanufacturing paradigm can broadly benefit all future
power module integration strategies.
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I. INTRODUCTION

With the general trend towards the miniaturization of
electronic devices, primarily for the Internet of Things (IoT) and
wearable medical device applications, there is a growing
demand for reliable in-package energy and power sources. Such
tiny modules are expected to occupy a footprint of no more than
a few cm? so that they can be easily integrated into system
packages while manufactured using approaches compatible with
prevalent substrate technologies. They are designed to provide
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power in the range of several pW to hundreds of mW and energy
in the range of several hundreds of uWh to several mWh,
suitable for running wearable and flexible health-monitoring
units[1-3] that typically consist of wearable electrochemical
sensors [4], energy harvesters [5], and others. Other than
wearable devices, recent concentration on energy storage
devices has seen a considerable boost due to the evolution of the
electric vehicles. This sector concentrates on batteries,
supercapacitors, and fuel cells, creating the need for novel
materials synthesis with high surface area and stability [6-10].
The key focus of this paper is to advance power sources for
applications in wearable devices and IoT sensor nodes. The
power is typically supplied through wireless telemetry using
inductive or RF links [11]. Alternatively, power can also be
generated from miniaturized energy harvesters. A key element
of power delivery is energy storage through various
electrochemical Energy Storage (EES) devices such as micro
batteries, and micro-supercapacitors, which have been
continually enhanced in the last two decades to store the energy
at higher densities and respond appropriately at peak power
demand [12]. Among batteries and supercapacitors, the latter
has the advantage of fast charge-discharge, high power
densities, and smaller energy capacities than batteries [11-14].
Therefore, for low-power sensor nodes, supercapacitors are a
better choice for applications such as sensor and IoT nodes. All-
solid-state rolled-up supercapacitors with a capacitance density
of 448 mF/cm? at a scan rate of 10 mV/s with a density of 9.49
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mg/cm? were recently shown to continuously power green LED
(Light emitting diodes) for 20 s [15].

Supercapacitors can be classified as electric double-layer
capacitors (EDLC) and pseudo supercapacitors. Although
pseudocapacitors can achieve higher energy capacitance, the
cyclability is limited due to the redox reactions that form the key
feature of batteries. On the other hand, due to the simple working
mechanism of the EDLCs, they can operate through thousands
of cycles without significant performance degradation.
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Fig. 2 (a), (b) SEM images of Laser Induced Graphene (LIG) electrodes (b)
Energy Dispersive Spectroscopy (EDS) analysis (d) FTIR spectrum of LIG

To achieve higher capacitance from the electrode/electrolyte
interfaces, EDLCs should use electrodes with high surface area.
Over recent years, various 1D and 2D nanomaterials such as
carbon nanotubes (CNTs) and graphene have been employed to
achieve high areal capacity from the EDLCs [11, 13]. Among
these, graphene has shown superiority due to its high surface
area and electrical conductivity, which are characteristics of a
good electrode material [12, 14]. However, commercial
synthesis of graphene involves costly and environmentally
harmful processes [15, 16]. In order to address this shortcoming,
recently, low-cost laser-induced graphene (LIG) has been shown
as a promising method to realize high-quality graphene on a
flexible polymer such as polyimide [12, 15, 16]. For instance, a
recent study shows LIG-based supercapacitor achieved
capacitance densities of 44 mF/cm?, with conductivities of 5-25
S/cm, and power densities of 9 mW/cm? [16]. In this paper,
energy storage is achieved through a thin-film micro-fabricated
supercapacitor from laser-induced graphene-based planar
electrodes and liquid electrolytes. The component properties
demonstrated through this work are projected to achieve high

power levels with ultra-thin form-factors and easier integration
with the flexible system substrates.

II. EXPERIMENTAL SECTION

A. Laser Induced Graphene

Polyimide (PI) films (0.2-0.4 mm, McMaster-Carr) are scribed
with a CO; infrared laser. The fundamental electrode structure
and design is initially created using Core]DRAW. A laser
engraver and cutter is used for the synthesis of porous
conductive patterned Laser Induced Graphene (LIG) electrodes.
Specifically, a CO, laser system (Universal Laser Systems,
Version 3.6) with 10.6 um wavelength, maximum power 30W
and maximum speed of 2500 mm/s was utilized for the run. The
sheet resistance and conductivity typically depend on the laser
energy density. Fig. 1 shows the synthesis process and typical
LIG performance curve for the CO; laser. The ideal laser
parameters of 9.5 % of maximum power and 4.5 % of maximum
speed were selected to achieve high conductivity within the tool
power constraints.

B. Material Characterization

The morphology of the LIG was observed and analyzed using
Scanning Electron Microscopy (SEM), Energy Dispersive
Spectroscopy (SEM-EDS) (Jeol FS100), and Fourier Transform
Infrared Spectroscopy (FTIR) (JASCO FT/IR 4100). The LIG
sample is sputtered with a gold coating for image acquisition and
analysis. Fig. 2a and Fig.2b display the typical porous
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Fig.3 Electrochemical Characterization of supercapacitic behavior of porous
LIG electrodes (a) Cyclic Voltammograms (b) Global Charge-Discharge (c), (d)
EIS measurements

morphology of graphene. Multiscale pore structure is observed
with the larger pores to be of approximately 4 microns. Fig. 2¢
shows the results of eelemental characterization performed
using SEM-Energy Dispersive spectroscopy (SEM-EDS),
indicating the presence of only carbon and oxygen other than the
sputtered gold. However, EDS may be considered unreliable for
accurate quantification of elements with atomic numbers below
11. FTIR analysis was additionally performed for accurate
material characterization by identifying the chemical functional
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groups present in the LIG samples. The broad absorption peak
around 3340 cm™' seen in Fig. 2d indicates the presence of
hydroxyl (OH) groups. Additionally, peaks detected at 1600 cm™
! and 1430 cm™! are attributed to aromatic C=C stretching and
C-H bending, respectively. The peaks at around 1330 cm™' and
1040 cm™ are ascribed to C-O stretching bonds as seen in Fig.
2d. The presence of these functional groups shows that the
deposited material is mostly GO.

C. Supercapacitor Fabrication

In order to fabricate the supercapacitor devices, two electrodes,
are mounted on two glass slides using a conductive copper tape.
The electrodes are assembled face-to-face and are separated by
a thin layer of commercially available microporous
polypropylene (Celgard 2400) separator soaked in 1 M of
Sodium Sulfate (Na,SO4) solution, which allows ion exchange.
The wires soldered to the two ends serve as the points of contact
for the electrochemical characterization studies. The entire
device was sealed using a Polyimide (Kapton®) tape.

D. Electrochemical Characterization

The electrochemical characterization was carried out in a two-
electrode configuration using VMP-3 Multichannel Potentiostat
(Biologic, France). A symmetric cell configuration consisting of
two LIG electrodes is adopted for electrochemical analysis. One
mol/L Na,SO4 solution is used as the electrolyte for all the
characterization. Time domain cyclic voltammetry (CV),
galvanostatic charge-discharge (GCD), and frequency-domain
electrochemical impedance spectroscopy (EIS) were performed
to investigate the electrochemical performance and double layer
capacitance of the symmetric cell. Fig 3c, d show the spectral
measurements (EIS) obtained from 1MHz to ImHz. The CV and
GCD were carried out in the voltage window of 0-0.8V as seen
in Fig 3a and 3b. The cyclic voltammetry study is carried out at
two different scan rates of 50 mVs™! and 100 mVs™' whereas the
GCDs study is pperformed at 15pA, 30pA, 60pA, and 150pA
current loadings.

III. RESULTS AND DISCUSSION

The LIG electrodes were systematically written on to the
commercially available Polyimide (PI) sheet through
photothermal reduction process [12, 17]. Fig. 1 shows the
schematic of LIG synthesis process. The synthesis process used
a commercially available CO, laser system to pattern the desired
shapes on the PI sheet. At an optimized power of 1.95 W and
112.5 mm/s working speed, the obtained LIG was high in quality
as evident from our reported work [17, 18]. The localized
temperatures (> 2500 °C), created during the irradiation onto the
PI, breaks down the C-O, C=0, and C-N bonds allowing the
quick rearrangements leading to form the graphitic structures.
The repeating units of imide and aromatic rings in the PI were
leveraged to form LIG [19]. The obtained LIG was thoroughly
characterized for its structural and chemical information as per
our previous reports [20, 21].

The unique structure of the LIG has prospects for application in
energy storage devices. In this present study, the LIG was used
to fabricate symmetric supercapacitors as a promising energy
storage device for wearable electronics. All the electrochemical

parameters were normalized with the geometric footprint area of
the electrodes. Figure 3a shows the CV profiles of the LIG-based
supercapacitor. The CV profiles feature almost rectangular
shapes at different scan rates, which indicates an ideal electric
double layer capacitor (EDLC) behavior. The cyclic profile
shows perfect symmetry with respect to the zero-y-axis , thereby
illustrating excellent reversibility of the device. The average
capacitance can be estimated from the CV measurements using
the following formula:

= ﬁ [iWyav (1)

where v is the scan rate in Volts/second, V is the applied
potential in Volts, and i the current in Amperes, and is estimated
using the area under the curve. The figure shows that the
capacitive behavior decreases with increasing scan rate, a
typical behavior of EDLCs. The capacitance was estimated to
be 1.17mF/cm? ~ 1.2mF/cm? for the scan rate of 50mV/s. The
galvanostatic charge-discharge (GCD) studies were also carried
out to further study the electrochemical characteristics of the
LIG supercapacitor (Figure 3b). Again, the performance shows
symmetric and linear GCD curves with negligible ohmic loss.
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Fig.4 Rapidly decaying current in LIG

The average areal capacitance of the device can also be
calculated from the GCD using the following formula:

C = ﬁ [ ig, dt ©)

Where iqc is the discharge current and V is the voltage window
of 0.8V. The real capacitance at 1.5 x 105 A was estimated to
be 1.27mF/cm?. The estimated values of capacitance density
using cyclic voltammetry and galvanostatic charge-discharge
are comparable. The high value of capacitance can be attributed
to the highly porous morphology of the LIG. Additionally, the
effect of mass loading on the capacitance of the devices need to
investigated in the future. Fig. 3¢ shows the Nyquist plot, which
is a complex-plane representation of real versus imaginary part
of impedance. The EIS analysis shows that the charge transfer
resistance is ~400 Ohm, which is consistent with the high
conductivity from the LIG for energy storage devices.
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Additionally, the Bode plot, representing impedance phase
angle as a function of frequency is depicted in Fig. 3d. The
capacitive behavior is visible in the low frequency range,
whereas the specimens display resistive behavior at higher
frequencies. Because of the high series resistance, the phase
angle doesn’t reach below -40° and the device is not purely
capacitive as anticipated. The electrolyte is observed to have a
low resistance and suitable for integrating energy storage
devices. Additionally, the chronoamperometry studies showed
the capacitive current, which decayed rapidly at the onset of a
potential of 0.8 V. The capacitive (rapidly decaying) current,
depicted in Fig. 4, is observed due to the migration of the
electrochemically active species (ion flux) to the electrode
surface due to the potential difference. The LIG supercapacitor
approach thus demonstrated in this paper also allows easier
integration into flexible electronics as polyimide is the most
common substrate material in such applications. Alternative
supercapacitor configurations based on interdigitated
electrodes and incorporation of solid electrolytes will also
extend the applicability of this technology into broader
application space. The laser-based direct-write approach can be
extended to seamlessly integrate the power sources with other
system components such as power conditioning devices,
sensing electrode and wireless communication interfaces.

IV. CONCLUSIONS

Laser-induced graphene fabrication process was developed and
utilized for realizing electric double layer supercapacitors. This
one-step synthesis process of graphene from commercial
polyimide and laser engraver is demonstrated to be a
convenient and cost-effective approach for energy storage
devices due to the higher accessible surface area.
Electrochemical analysis showed that the electrodes can
achieve high capacitance of ~1.27 mF/cm? at a discharge
current of 0.15 pA. Further enhancements in porous LIG
supercapacitors are required to achieve higher capacitance
density and lower power delivery impedance through smaller
electrode resistances. This can be achieved by optimizing the
LIG fabrication parameters including alternative polymer
substrates as well as optimum power settings to obtain more
conductive and porous graphene electrodes.
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