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ABSTRACT: In this paper, we demonstrate that by simple
laser induction, commercial polyimide films can be readily
transformed into porous graphene for the fabrication of
flexible, solid-state supercapacitors. Two different solid-state
electrolyte supercapacitors are described, namely vertically
stacked graphene supercapacitors and in-plane graphene
microsupercapacitors, each with enhanced electrochemical
performance, cyclability, and flexibility. Devices with a solid-
state polymeric electrolyte exhibit areal capacitance of >9 mF/
cm2 at a current density of 0.02 mA/cm2, more than twice that
of conventional aqueous electrolytes. Moreover, laser
induction on both sides of polyimide sheets enables the
fabrication of vertically stacked supercapacitors to multiply its electrochemical performance while preserving device flexibility.
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Though the past decade has witnessed rapid growth in the
study of batteries and supercapacitors (SCs),1−7 two

topics still remain as primary challenges in the development of
advanced energy storage devices. The first challenge is in the
fabrication of a single device that combines the high power
performance of SCs with the high energy density of batteries.8,9

The second challenge involves miniaturizing energy-storage
units to meet the size limitations of portable, microelectronic
systems.10−13 To address the first issue, an active electrode
material with highly accessible surface area and conductivity is
desired in order to form a more stable electrochemical double
layer (EDL) with fast ionic transport.14,15 Also, compact
stacking of individual SCs with minimal contact resistance can
multiply the operational voltage or energy storage while
maintaining good electrochemical behavior and further increase
the power or energy density.16−19 As for the second challenge,
microsupercapacitors (MSCs) are sought with an in-plane
structure that would be suitable for use in microscale integrated
circuits.6,20 However, most fabrication methods require
conventional lithographic techniques for device patterning,21

which are costly when the devices are considered for low-cost
consumer applications.
Because of their exceptional physical and chemical proper-

ties, graphene-based materials have shown great potential for
use in next-generation flexible and portable energy-storage
microdevices, but their commercialization has been impeded
because of the relatively high-cost or complex synthetic routes
associated with the synthesis of graphene.22−25 For example, a
recently developed method to make graphene uses laser
scribing of graphene oxide (GO) films, where GO is then
reduced,26−28 patterned, and fabricated to make graphene-
based devices that exhibit remarkable electrochemical perform-

ance. Unfortunately, the synthesis of GO and its subsequent
formation into films is still far from commercialization in bulk
quantities.29,30 Furthermore, recent studies have shown that
GO decomposes over time, which can lead to significant
current leakage or device changes within GO-derived devices.31

Our group recently showed a simple, scalable method to
rapidly make laser-induced graphene (LIG) and fabricate
microsupercapacitors (MSCs) using laser induction of
commercial polyimide (PI) sheets.32 By this approach, the
polymeric sheet is chemically transformed by laser absorption
into a porous graphene structure with rich ultrapolycrystalline
domains of pentagon-heptagon rings. Here, we extend this
method to fabricate flexible LIG based SCs by using a solid-
state polymeric electrolyte, poly(vinyl alcohol) (PVA) in
H2SO4. Two flexible, solid-state SCs are described: LIG-SCs
and LIG-MSCs. These devices show areal capacitance of >9
mF/cm2 at a discharge current density of 0.02 mA/cm2, which
is over twice that achieved when using aqueous electrolytes.32

Furthermore, by laser induction of both sides of the PI sheets,
solid-state LIG-SCs can be stacked to form high-density energy
storage devices that multiply their electrochemical performance
while maintaining flexibility.

■ RESULTS AND DISCUSSION

Figure 1a schematically illustrates the process in fabricating
flexible, solid-state LIG-SCs. The process begins by first
transforming the surface of a PI sheet into porous graphene
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under laser induction using a commercially available, computer
controlled CO2 laser cutting system, and then assembling either
a single LIG-SC or stacked LIG-SC. Figure S1 in the
Supporting Information and Figure 1b show the photograph
of a half-side LIG electrode and a typical single LIG-SC device
manually bent to demonstrate its intrinsic flexibility. A critical
advantage of this fabrication method is that LIG can be easily
produced under ambient conditions on both sides of the PI
sheet with a remaining central insulating PI layer to separate
them (Figure 1c), which then facilitates layer-by-layer stacking
of LIG-SCs. Alternatively, this same technique can also be used
to pattern LIG into interdigitated electrodes for fabrication of
solid state in-plane LIG-MSCs (see Figure S2 in the Supporting
Information). This one-step approach is both straightforward
and cost-effective, and could easily fit into a scalable, roll-to-roll
process for industrial production of graphene-based energy
storage systems.
The formed LIG showed very similar morphology and

graphene properties to our previous report.32 Figure 1c shows a
cross-sectional scanning electron microscope (SEM) image,
where a thick LIG layer (∼25 μm) is clearly formed on both
sides of the PI substrate after laser induction and is separated by
an unexposed middle PI layer that serves to electrically isolate
the top and bottom LIG layers from each other. The SEM
image in Figure 1d shows the porous structure of LIG and the
transmission electron microscope (TEM) image in Figure 1e
shows the nanoscale ripples and wrinkles in the LIG films. Also,
the high-resolution TEM (HRTEM) image in the inset of
Figure 1e reveals that these LIG sheets contain numerous
graphene edges resulting in more accessible surface area and
therefore better electrochemical performance. The Raman
spectrum of LIG in Figure S3a in the Supporting Information
clearly shows three characteristic peaks of graphene derived
material, specifically, a D peak at ∼1350 cm−1 induced by
defects, folding or symmetry-broken carbon, G peak at ∼1590
cm−1 generated by graphitic carbon, and a 2D peak at ∼2700
cm−1 originating from second-order zone boundary pho-
nons.33,34 Note that the D peak could arise from numerous
graphene edges existing in LIG flakes, which are also observed
in the above TEM images.35,36 The XRD pattern in Figure S3b

shows a prominent peak at 2θ = 25.6°, indicative of an
interlayer spacing of ∼3.4 Å between (002) graphitic crystal
planes in LIG. The high degree of graphitization of LIG is
further supported by thermogravimetric analysis (TGA) under
argon (see Figure S4 in the Supporting Information), because
PI decomposes at ∼550 °C, whereas LIG remains stable at
>900 °C. BET analysis in Figure S5a in the Supporting
Information shows that the surface area of LIG is ∼330 m2/g
with a pore size distribution between 2 and 10 nm (see Figure
S5b in the Supporting Information).
To investigate its electrochemical performance, we first

fabricated LIG into a flexible, single LIG-SC by sandwiching a
solid, polymeric electrolyte (PVA and H2SO4) between two
single-sided LIG-PI sheets, which functioned both as the
working electrode and current collector. The cyclic voltamme-
try (CV) curves shown in Figure 2a were pseudorectangular

over varying scan rates (5, 10, 20, and 50 mV/s), which is
indicative of good EDL stability. In addition, Figure 2b shows
that when different current densities (0.02, 0.05, 0.10, and 0.20
mA/cm2) were applied, the galvanostatic charge−discharge
(CC) curves were nearly triangular, indicating good capacitive
behavior. From the initial stage of discharge, the negligible
voltage drop shows that the device has low internal resistance.
Additional CV curves at higher scan rates and CC curves at
higher current densities can be found in Figure S6 in the
Supporting Information to show that LIG-SC can be charged
and discharged over a wide range of scan rates (5 to 1000 mV/
s) and current densities (0.02 to 2.0 mA/cm2). The calculated
areal capacitances (CA) from the CC curves with its
corresponding current densities are shown in Figure 2c, with
the highest capacitance being 9.11 mF/cm2 at a corresponding
current density of 0.01 mA/cm2, comparable to the values
reported in the literature for graphene based microsupercapa-
citors (0.4 to 2 mF/cm2).6,27 Also, the single LIG-SC shows
excellent cycle stability, where after 8000 CC cycles, the device
retained more than 98% of its capacity (Figure 2d).

Figure 1. Fabrication and characterization of LIG-SCs. (a) Schematic
illustration showing the fabrication process for assembling a single
LIG-SC and stacked LIG-SC. (b) Optical image of a fully assembled
single LIG-SC manually bent. (c) Cross-sectional SEM image of a PI
substrate with both sides laser-induced to form graphene. (d) SEM
image of the LIG films showing a porous 3D network. (e) TEM image
of a LIG thin film showing nanosized wrinkles and ripples. Inset is a
HRTEM image of a LIG nanosheet showing numerous graphene
edges.

Figure 2. Electrochemical performance of a single LIG-SC. (a) CV
curves of LIG-SCs at scan rates of 5, 10, 20, and 50 mV/s. (b)
Galvanostatic CC curves of LIG-SCs at current densities of 0.02, 0.05,
0.10, and 0.20 mA/cm2. (c) Specific areal capacitances calculated from
CC curves as a function of current density. (d) Cyclability testing of
LIG-SCs with a CC current density of 0.8 mA/cm2.
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Next, the assembled single LIG-SCs performance stability
was tested under mechanical bending. Figure 3a compares the
CV curves of a flexible single LIG-SC over different bending
radii (12 mm to 24 mm) and remarkably shows that the bent
device exhibits nearly identical behavior to the flat LIG-SC.
Also, Figure 3b shows that the calculated CA under different
bending radii remained almost constant. From Figure 3c, the
CA was well-maintained after 7000 bending cycles at a radius of
14 mm, indicating that repeated bending has little effect on its
electrochemical performance. These findings further reinforce
the assertion that LIG-SC is a promising candidate for energy
storage devices in flexible, portable, and wearable electronics.
An additional advantage of this method is the capability of

forming LIG on both sides of an individual PI sheet thus
enabling the fabrication of stacked LIG-SC (Figure 1). Panels a
and b in Figure 4 are illustrations of a series and parallel LIG-
SC assembled from stacked solid-state LIG-SCs, where double-
sided LIG sheets are layered with alternating deposits of
polymeric electrolyte and capped with single-sided LIG-PI
sheets. Panels c and d in Figure 4 show the CC curves of a 3-
stack solid-state series and parallel LIG-SC, respectively.
Compared to a single LIG-SC, the stacked series LIG-SC has

a 2× higher working voltage window, whereas the stacked
parallel LIG-SC shows a 2× longer discharge time when
operated at the same current density, resulting in a 2x higher
capacitance. In both configurations, the CC curves present
nearly triangular shapes with miniscule voltage drop indicating
negligible internal and contact resistances. Additional CV and
CC curves at various scan rates and current densities for the
stacked series and parallel LIG-SCs are shown in Figure S7 and
S8 in the Supporting Information to demonstrate their
remarkable durability over a wide range of scan rates and
current densities. Even though the SCs are stacked, the
assembled stacked LIG-SCs still show high flexibility. Panels e
and f in Figure 4 shows that the capacitance of the stacked LIG-
SC circuits are nearly 100% of their initial value even after being
subjected to several thousand bending cycles at a bending
radius of 17 mm. Additionally, the CV curves at different
bending cycles are nearly overlapped (Figure 4e, f insets),
indicating well-maintained flexibility.
The laser induction process can also be used to synthesize

and pattern LIG into interdigitated electrodes for the
fabrication of in-plane LIG-MSCs (see Figure S2 in the
Supporting Information). Figure 5a is an illustration of a

Figure 3. Electrochemical performance of LIG-SCs under bending. (a) CV curves of LIG-SC at varying bending radii. The scan rate was 0.02 V/s.
(b) Capacity retention at different bending radius. Capacitance retention was calculated from CC curves at a current density of 0.05 mA/cm2. (c)
Cyclability testing of flexible LIG-SCs. Capacitance retention was calculated from CC curves at a current density of 0.4 mA/cm2.

Figure 4. Electrochemical performances of stacked LIG-SCs in series and parallel circuits. (a) Illustration of a stacked series LIG-SC and its
corresponding circuit diagram. (b) Illustration of a stacked parallel LIG-SC and its corresponding circuit diagram. (c) Galvanostatic CC curves
comparing a single LIG-SC to a stacked series LIG-SC at a current density of 0.5 mA/cm2. (d) Galvanostatic CC curves comparing a single LIG-SC
to a stacked parallel LIG-SC at a current density of 0.5 mA/cm2. (e) Cyclability testing of a flexible stacked series LIG-SC at a current density of 0.5
mA/cm2. Inset shows the initial CV curves (black) and the 4000th CV curve (red) at a scan rate of 0.1 V/s. (f) Cyclability testing of a flexible,
stacked parallel LIG-SC at a current density of 1.0 mA/cm2. Inset shows the initial CV curves (black) and the 6000th CV curve (red) at a scan rate of
0.1 V/s.
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flexible LIG-MSC fabricated on a PI sheet that uses PVA/
H2SO4 as solid-state electrolyte. Figure 5b shows CV curves of
the LIG-MSC device at different scan rates (0.01, 0.02, 0.05,
and 0.1 V/s) with stable pseudorectangular shape due to good
EDL formation. Figure 5c shows the galvanostatic CC curves of
LIG-MSCs at different current densities (0.1, 0.2, 0.5, and 1.0
mA/cm2), all of which are nearly triangular due to their
excellent capacitive behaviors. Figure S9 in the Supporting
Information shows additional CV curves at higher scan rates
and CC curves at higher current densities. The calculated CA
from CC curves at different current densities are plotted in
Figure 5d, where the devices strikingly exhibit a capacitance of
greater than 9 mF/cm2 at a current density of 0.02 mA/cm2.
Interestingly, at the same current densities the capacitances of
the solid-state LIG-MSCs are twice that of aqueous H2SO4

electrolyte LIG-MSCs.32 This improvement could come from
the high hydrophobicity of the LIG material and better
interface formation between LIG electrodes and the organic
polymer electrolyte. Furthermore, capacitance of the solid-state
LIG-MSCs remains over 1.9 mF/cm2 even when operated at a
higher current density of 30 mA/cm2, indicating high power
performance of the device. Electrochemical impedance
measurements (see Figure S10 in the Supporting Information)
further supports faster ionic transport and better electrode−
electrolyte interface in LIG-MSCs using PVA/H2SO4 as the
electrolyte. The near absence of the semicircle in the case of
MSCs with PVA/H+ implies that there is high ionic
conductivity at the interface of the LIG electrode and polymer
electrolyte. Also, the higher slope in the Nyquist plot for MSCs
with PVA/H+ indicates that they have more capacitive
behavior. The cyclability of solid-state LIG-MSCs was also
tested over 8000 CC cycles with <10% capacitance degradation
(see Figure S11 in the Supporting Information). To test their
circuit performance, we connected two single LIG-MSC devices

in either series or parallel configurations as shown in Figure S12
in the Supporting Information. As expected, the working
voltage was doubled when LIG-MSCs were in series, while the
discharge runtime increased nearly 100% when LIG-MSCs
were in parallel. In both cases, because of the solid-state
electrolyte, the CC curves maintained their triangular shape and
the LIG-MSC showed outstanding flexibility (Figure 5a inset).
Figure 5e shows that the in-plane LIG-MSCs made from LIG
exhibits nearly 100% of its calculated capacitance regardless of
bending radii. Similar to the single LIG-SC, CV curves of LIG-
MSC over different bending radii are almost identical to the
ones in the flat devices (see Figure S13 in the Supporting
Information). After 7000 bending cycles, the capacitance
remained at its initial value (Figure 5f), further supporting
the universality of this laser induction method in producing
energy storage units.
Finally, Figure 6 is a Ragone plot comparing single LIG-SCs

and LIG-MSCs in either aqueous or solid-state polymeric
electrolytes to commercially available electrolytic capacitors and
Li thin film batteries.10,26,27 Although aluminum (Al) electro-
lytic capacitors deliver ultrahigh power, their energy density is 2
orders of magnitude lower than LIG-derived devices. Similarly,
although lithium-ion thin-film batteries can provide high energy
density, their power performance is 3 orders of magnitude
lower than either single LIG-SCs or LIG-MSCs. Interestingly,
when compared to LIG-MSC using 1 M aqueous H2SO4 as the
electrolyte, LIG-MSC with a solid-state polymer electrolyte
stores ∼2× more energy. Also, a comparison between single
LIG-SCs and LIG-MSCs shows that LIG-MSCs have a higher
power density than LIG-SC, likely because of the reduced ion
diffusion length between the microelectrodes in the LIG-MSC
device. Ragone plots of single LIG-SCs and LIG-MSCs with
specific areal energy density and power density are also

Figure 5. Electrochemical performances of LIG-MSC devices. (a) Illustration of a flexible LIG-MSC. Inset is a photograph of a LIG-MSC fixed at a
bending radius of 12 mm. (b) CV curves of LIG-MSCs at scan rates of 10, 20, 50, and 100 mV/s. (c) Galvanostatic CC curves of LIG-MSCs at
current densities of 0.1, 0.2, 0.5, and 1.0 mA/cm2. (d) Specific CA of LIG-MSCs from aqueous 1 M H2SO4 and PVA/H2SO4 calculated from CC
curves as a function of the current density. (e) Capacity retention of LIG-MSC at different bending radii. Capacitance retention was calculated from
CC curves at a current density of 0.5 mA/cm2. (f) Cyclability testing of flexible LIG-MSCs. Capacitance retention was calculated from CC curves at a
current density of 0.5 mA/cm2.
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provided in Figure S14 in the Supporting Information to better
evaluate their commercial application potential.

■ CONCLUSIONS
In summary, we have demonstrated that by using a simple laser
induction process, commercially available polyimide substrates
can be readily transformed into LIG and then fabricated into
flexible and stackable SCs with enhanced capacitive perform-
ance. Two different devices, LIG-SCs and LIG-MSCs, were
fabricated using PVA/H2SO4 as a solid polymeric electrolyte
and showed outstanding electrochemical performance, cyclabil-
ity, and excellent flexibility. The simplicity of this LIG device
and fabrication process lends itself well to commercial
scalability, which could lead to future production of LIG-SC-
based devices for the next generation of portable micro-
electronics.

■ METHODS
Materials Production and LIG Supercapacitor Fabrication.

Kapton polyimide (PI, Cat. No. 2271K3, thickness: 0.005″) was
purchased from McMaster-Carr and used as received unless noted
otherwise. Laser induction of graphene was conducted with a 10.6 μm
CO2 laser system (Universal X-660 laser cutter platform) at a pulse
duration of ∼14 μs. All experiments were conducted under ambient
conditions using 4.8 W of laser power. Two types of LIG-based SCs
were fabricated: single or stacked LIG-SCs and in-plane LIG-MSCs.
For single or stacked LIG-SCs, LIG was produced either on one side
or both sides of the PI sheet with an active area of 2 cm × 3 cm,
whereas for MSCs, LIG was patterned into interdigitated electrodes
with a length of 5 mm, a width of 1 mm, and a spacing of ∼300 μm
between two neighboring microelectrodes. In both types of structures,
Pellco colloidal silver paint (No. 16034, Ted Pella) was applied on the
common areas of each electrode for better electrical contacts. The
electrodes were then extended with conductive copper tape and
connected to an electrochemical workstation. A Kapton PI tape was
employed to protect the common areas of the electrodes from
electrolyte (see Figure S1 and S2 in the Supporting Information).
Polymer electrolyte was made by mixing and stirring 10 mL of DI
water, 1 mL of sulfuric acid (98%, Sigma-Aldrich), and 1 g of
poly(vinyl alcohol) (Mw = 50 000, Aldrich No. 34158−4) at 80 °C
overnight. Solid-state LIG-SCs were fabricated by dropping ∼1 mL of
PVA/H2SO4 onto a LIG-PI substrate and then sandwiching it with a
second LIG-PI substrate. Finally, the device was placed in a desiccator
that was connected to house vacuum(∼10 mmHg) to remove excess
water overnight. For LIG-MSC devices, ∼0.25 mL of PVA/H2SO4 was
dropped onto the active LIG area on the PI substrate, followed by
placing the device overnight in a desiccator that was connected to
house vacuum to remove excess water. For comparison, the MSCs

with aqueous electrolyte were also fabricated by dropping ∼0.2 mL of
1 M H2SO4 onto the active LIG on PI sheets.

Characterization. SEM images were taken on a FEI Quanta 400
high-resolution field emission SEM. The TEM and HRTEM images
were taken using a JEOL 2100F field-emission gun transmission
electron microscope. TEM samples were prepared by peeling off LIG
from the PI substrate, followed by sonicating them in chloroform, and
dropping them onto a lacey carbon copper grid. Raman spectra were
recorded on a Renishaw Raman microscope using 514 nm laser with a
power of 5 mW. XRD was conducted on a Rigaku D/Max Ultima II
with Cu Kα radiation (λ = 1.54 Å). The surface area of LIG was
measured with a Quantachrome Autosorb-3b BET surface analyzer.
TGA (Q50, TA Instruments) was carried out at room temperature to
900 °C at 5 °C/min under argon. CV and constant current CC
measurements were conducted under ambient conditions using a CHI
608D workstation (USA).
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