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Abstract
The current design trends in the field of electronic devices involve efforts to make these devices smaller, thinner,
lighter, and more flexible. The development of such systems is expected to further accelerate, resulting in the
production of wearable and Internet-of-Things devices. In this respect, microenergy storage systems with high
capacity and fast charge/discharge rates have become important power sources for such devices. In particular,
interdigitated microsupercapacitors (MSCs) have exhibited remarkable potential as micropower sources owing to their
fast charge/discharge processes, long cycle life, and high power density compared with microbatteries. Nevertheless,
facile fabrication of MSCs using interdigitated electrodes remains challenging, as it requires selective decoration of
electrodes with pseudocapacitive materials, such as transition metal oxides, to increase their capacitance. In the
present study, we developed a simple method for fabricating MSCs involving in situ formation of interdigitated
graphene electrodes and ZnO nanorods by photothermal conversion of graphene oxide (GO) and Zn precursors using
infrared (IR) laser scribing. The fabricated MSCs exhibit a high stack capacitance of 3.90 F cm−3 and an energy density
of 0.43 mWh cm−3. Notably, the capacity of the developed material is three times higher than those of previously
reported MSCs made from the same type of graphene. In addition, the capacitance retention rate of the fabricated
MSC is approximately 70% when measured over 10,000 charging–discharging cycles at a constant current, which
evidently indicates a stable device performance.

Introduction
The recent research trends in electrochemical storage

systems have mainly focused on manufacturing light, thin,
compact, and flexible units suitable for portable smart
electronic devices while enhancing their performance and
efficiency. However, such efforts are often associated with
challenges, including short circuits during miniaturization
and compatibility issues for new device architectures with
conventional electrode materials. To alleviate these pro-
blems, considerable efforts have been made to fabricate

microsupercapacitors (MSCs) exhibiting high energy and
power densities utilizing various micropatterning meth-
ods, such as lithography techniques1, selective wetting-
induced patterning2, and laser-induced patterning3,4.
Nevertheless, the limited enhancement in the capacitor
performance has been demonstrated to be a consequence
of the inherently low energy density of the electric double
layers formed by the carbon materials used for the fab-
rication of most devices. Thus, it is essential to develop a
redox-active system able to increase the energy density
(i.e., by employing conducting polymers and metal oxides)
utilizing the Faradaic reaction and to establish appropriate
micropatterning methods.
Herein, we report a simple and reliable laser-induced

ZnO nanorod (NR)/reduced graphene oxide (rGO) pat-
terning technique for fabricating solid-state planar MSCs
that exhibit both electric double-layer capacitance and
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pseudocapacitance. We used imaging software to design
various electrodes based on ZnO NRs/rGO, and selective
laser irradiation was conducted using a general digital
versatile disk (DVD) recording drive. For the development
of optimal MSCs, the capacitive performances of three
different designs of ZnO NR/rGO MSCs were compared.
Our results demonstrate that the ZnO NR/rGO MSCs
retain a stack capacitance and an energy density of 3.90 F
cm−3 and 0.43 mWh cm−3, respectively, which are
approximately threefold higher than the values of the bare
rGO MSC. Despite the marginally lower conductivity of
our laser-induced rGO compared with a previous study3,
the ZnO NR/rGO MSCs exhibit a notable performance
improvement. The method described in the current study
necessitates a redox reaction and a high electrical con-
ductivity. Concurrently, it is remarkably simple and
applicable to other electrochemical microdevices.

Materials and methods
A polyethylene terephthalate (PET) film was cut into a

disk shape to fit on a LightScribe label DVD. In this
process, the PET film was carefully loaded onto the DVD
to avoid covering the unique codes at the center of the
DVD, which were used for precise positioning of the disc.
Notably, the codes were useful for repeating laser scan-
ning at exactly the same positions to achieve further
reduction of GO. An aqueous dispersion of GO with a
concentration of 2.0 mgmL−1 was prepared via a mod-
ified Hummers method. Subsequently, 20 mL of the GO
solution was drop-cast on the prepared PET film and
dried overnight to obtain a homogeneous GO-coated PET
film. A 5mm solution of zinc acetate dehydrate (MW
219.50, 99.0%, Samchun Chemicals, Korea) in ethanol was
prepared as the zinc ion precursor. The as-prepared GO
film was then wetted with the zinc acetate precursor
solution and rinsed with ethanol after 30 s. These steps
were repeated five times to increase the density of the
precursors on the GO film. Finally, the zinc acetate-
treated GO film was scanned along the interdigitated
electrode design using the infrared (IR) laser in a Light-
Scribe DVD drive (HP-337 s). These steps were repeated
three times to simultaneously obtain highly reduced GO
and ZnO seeds. Importantly, to form high-density ZnO
seeds, the zinc acetate wetting step and the laser scanning
process were repeated.

Growth of ZnO NRs based on ZnO seeds/rGO
The zinc precursor solution for ZnO growth was pre-

pared by dissolving 2.97 g of zinc nitrate hexahydrate
(MW 297.47, 98.0%, Samchun Chemicals, Korea) and
1.40 g of hexamethylenetetramine (MW 140.19, 99.0%,
Kanto-Chemical, Japan) in 400 mL of deionized water.
Subsequently, the as-prepared ZnO seed/rGO film was

placed upside down on the surface of the zinc precursor
solution, and the hydrothermal reaction was maintained
at 90 °C for 6 h. Following the completion of the reaction,
the ZnO NR/rGO film was immediately washed with
deionized water and dried under ambient conditions.

Preparation of the H2SO4/PVA gel electrolyte
Approximately 1 g of polyvinyl alcohol (PVA; MW

89,000–98,000, 99+% hydrolyzed, Sigma-Aldrich, USA)
and 10mL of deionized water were mixed, and the mix-
ture was stirred at 90 °C until the solution turned trans-
parent. The PVA solution was subsequently cooled to
room temperature prior to the addition of 1 g of H2SO4

(MW 98.07, 95.07%, Samchun Chemicals, Korea). The
reaction mixture was stirred until a homogeneous gel
solution was obtained.

Fabrication of ZnO NR/rGO MSCs and the rGO MSC
Laser-induced rGO served not only as electrodes but

also as current collectors. The as-prepared H2SO4/PVA
gel electrolyte was drop-cast on the interdigitated finger
electrode area of the MSCs. The excess solvent was then
allowed to evaporate overnight under ambient conditions
to form a solid electrolyte film on the MSCs. Subse-
quently, the current collector area was coated with a silver
paste (Elcoat p-100, CANS) to protect the rGO contact
pads from scratching by the electrochemical workstation
probes.

Material characterization
All synthesized materials were characterized by field

emission scanning electron microscopy (FESEM; LEO
SUPRA 55), high-resolution transmission electron
microscopy (HRTEM; JEOL JEM-2100F, 200 kV), X-ray
diffraction (XRD; D8 Advance equipped with a Cu Kα

source), and X-ray photoelectron spectroscopy (XPS;
Thermo Electron K-Alpha). All XPS spectra were cali-
brated to the binding energy of the C 1 s peak at 284.6 eV.

Electrochemical measurements
The capacitive performance of the obtained MSCs was

evaluated utilizing various electrochemical analysis tech-
niques, including cyclic voltammetry (CV), galvanostatic
charge–discharge (GCD) tests, electrochemical impe-
dance spectroscopy (EIS), and GCD cycling stability tests.
The CV, GCD, and EIS measurements were performed
using a potentiostat/galvanostat (IVIUMSTAT, Ivium
Technologies). The EIS measurements were recorded
over a frequency range of 100 kHz to 0.01 Hz with an
amplitude of 10 mV at the open-circuit potential. The
GCD cycling stability test was conducted using a multi-
channel potentiostat/galvanostat (WMPG1000, WonA-
Tech) at a 0.1 A cm−3 current density.
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Results and discussion
Fabrication of ZnO NR/rGO MSCs
The fabrication process of the ZnO NR/rGO patterns is

summarized in Fig. 1. Graphene oxide was synthesized
using the modified Hummers method5. First, the GO
solution was drop-cast on a PET film and dried overnight.
Subsequently, the as-prepared GO film was wetted with
the zinc acetate precursor solution and rinsed with
ethanol after 30 s. The wetting and rinsing steps were
repeated five times to obtain highly homogeneous and
concentrated zinc acetate embedment on GO. The
designated area of the GO with the zinc acetate film was
scanned three times using the DVD 783 ± 3 nm IR laser.
During this step, a high surface-to-volume ratio of GO
was photothermally deoxygenated (Supplementary Fig.
S1)3,6,7. It is challenging to dissipate the absorbed heat in
nanomaterials, such as GO; therefore, the local tempera-
ture of GO rapidly increased up to nearly 1000 °C upon
exposure to the IR laser7. Consequently, GO was reduced
by laser scanning, and zinc acetate was thermally
decomposed to ZnO seeds as a result of the local heat-
ing8–11. At the end of this process, ZnO seed/rGO com-
plexes with the electrodes were formed, followed by
hydrothermal growth of epitaxial ZnO NRs on the ZnO
seeds in the zinc precursor solution at 90 °C for 3 h and
6 h to obtain line and plane patterns, respectively8,12.
Thus, ZnO NR/rGO composites were successfully formed
at the laser-scribed locations and could be used for elec-
trochemical applications.
Notably, when the laser scanned over the GO film, the

morphology of the exposed GO obviously changed via
rapid thermal deoxygenation. The rapid heating process
exfoliated and reduced the GO sheets by decomposing the
oxygen-containing moieties, resulting in swollen rGO
morphologies (Supplementary Fig. S2). The concurrent
decomposition of the oxygen groups also removed carbon

atoms from the carbon lattice, inducing distortion of the
carbon plane of rGO13. This change is particularly evident
in the central part of the laser scanning line, where the
irradiated laser power density is higher than that at the
edges of the laser spot; thus, cracks are often observed
(Fig. 2). Accordingly, the growth of ZnO NRs on the
cracks (middle line) of the laser-scanned rGO was
inhibited since ZnO seeds rarely exist on such drastically
deformed structures.
Supplementary Fig. S3 presents top-view scanning

electron microscopy (SEM) images of the ZnO NR/rGO
line patterns. Since the resolution of the IR laser in the
DVD writer is approximately 20 μm, ZnO NR/rGO line
arrays with approximately 20 μm line width and spacing
were fabricated. As presented in Supplementary Fig. S3,
selectively grown ZnO NRs are observed along the rGO
lines, especially on the edges of the rGO lines (Fig. 2).
Although the unexposed zones are located directly next to
the laser-scribed zones, the material remains as a flat GO
film without any noticeable ZnO NR growth, indicating
the low heat conductivity of GO14.
With a view to applying the laser patterning technique

in the field of electrochemical devices, we demonstrated
patterning of an MSC with interdigitated negative and
positive electrodes (Fig. 3). Overall, interdigitated patterns
between two rectangular electrical contact pads were
obtained, confirming that laser scribing can be utilized for
forming both simple and complex device patterns. The
length, width, and interval of each finger electrode in the
interdigitated pattern are 5 mm, 300 μm, and 100 μm,
respectively. Moreover, the size of the square contact pads
is approximately 8 × 8mm. First, we investigated the
square plane of the ZnO seed/rGO sample prior to the
hydrothermal growth of ZnO NRs. Figure 3b shows that
the area is filled with 20 μm lines of swollen rGO, which
correspond to the tracks of the laser scan. Furthermore,

Fig. 1 Schematic illustration of the fabrication process of the line and plane ZnO NR/rGO patterns on a PET film. In the first step, the ZnO
seed/rGO complexes were formed by the IR laser scanning process, and subsequently, the ZnO NRs were hydrothermally grown on the ZnO seeds.
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the ZnO seed layer on rGO formed by thermal decom-
position of zinc acetate is too thin to be clearly observed
in the SEM images. The interdigitated region is also filled
with rGO lines, and an unexposed GO gap region
between the interdigitated electrodes is evident (Fig. 3c).
Following the hydrothermal growth of the ZnO seed/rGO
complexes in the ZnO precursor solution, a high density
of ZnO NRs is observed on the rGO surface in the places
where the formation of ZnO seeds was expected, revealing
that the ZnO seeds on the laser-scribed rGO regions were
nucleation sites for ZnO NRs (Fig. 3e–f). As presented in
Fig. 3g, the white ZnO NR lines are composed of urchin-
shaped ZnO NRs with clearly visible groups of ZnO NRs
(4 μm in length and diameters of 70–120 nm). The crys-
tallinity of the grown ZnO NRs was characterized utilizing
selected area electron diffraction (SAED) analysis. The
evaluation confirmed that the ZnO NRs exhibit a hex-
agonal wurtzite phase that grew along the c-axis (Fig. S4).
It is noteworthy that the proposed laser-scribed pattern-
ing methodology can be adopted to generate more com-
plex device patterns (Fig. S5).

Material characterization and evaluation of the growth
mechanism of ZnO NRs/rGO
To further investigate the selective growth mechanism

of the ZnO NRs on swollen rGO, the XRD and XPS
spectra collected from both the IR laser-unscanned (GO)
and laser-scanned (ZnO NRs/rGO) zones were analyzed

(Supplementary Fig. S6). Three distinct peaks at 31.9°,
34.6°, and 36.4° are observed in the XRD spectra, which
correspond to (1010), (0002), and (1011) of wurtzite ZnO,
respectively (Supplementary Fig. S6a). For the laser-
scanned zone, the presence of the sharp and strong
peak at 34.6° confirms that the synthesized ZnO NRs
primarily grew along the c-axis15. In contrast, there are no
peaks corresponding to the ZnO NRs in the unscanned
zone. This result suggests that the ZnO NRs can only be
grown in the laser-scanned zone. Moreover, in both XRD
patterns, there are no specific peaks corresponding to GO
or rGO, as the PET substrate is considerably thicker than
the GO and rGO films. To further investigate the for-
mation of ZnO NRs/rGO, XPS analysis was conducted
after each step (Supplementary Fig. S6). First, C 1 s XPS
evaluation was performed in the laser-scanned zone
(rGO) and the laser-unscanned zone (GO) to confirm the
photothermal reduction of GO under IR laser scribing
(Supplementary Fig. S6b–c). Distinctive GO peaks,
including C–O (286.3 eV), C=O (288.1 eV), O–C=O
(289.4 eV), and C–C/C=C (284.6 eV), are observed in the
GO area (Supplementary Fig. S6b); however, the first
three oxygenated carbon peaks nearly disappear following
the laser scanning treatment in the rGO areas (Supple-
mentary Fig. S6c). Furthermore, the Raman spectra were
also investigated to evaluate the quality of rGO depending
on the laser-scribing time (Supplementary Fig. S7). Two
distinctive peaks are observed at approximately

Fig. 2 Microscopic analysis of laser-scribed ZnO NRs/rGO. a Schematic illustration of laser-scanned rGO. The scanned region is divided into two
distinct areas: middle line and side line. The middle line is formed as a result of rapid photothermal deoxygenation. b, c Scanning electron
microscopy (SEM) images of ZnO NRs/rGO demonstrating the preferential growth of ZnO on the side line of the swollen laser-scanned rGO.
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1350 cm−1 and 1580 cm−1, corresponding to the D band
and G band, respectively. As the laser-scribing time is
increased, the intensity ratio of D and G bands (ID/IG)
gradually decreases from 0.90 to 0.57 for the pristine GO
film and for the tenfold laser-scribed rGO, respectively.
Additionally, the 2D peak at 2700 cm−1 increases, con-
firming the graphitic nature of the films containing fewer
defect sites with increasing laser-scribing time16,17. Sub-
sequently, the Zn 2p XPS spectra were analyzed to con-
firm the formation of ZnO seeds and ZnO NRs on rGO
(Supplementary Fig. S6d, e). Supplementary Fig. S6d
presents the Zn 2p XPS spectrum in the GO area (i.e., area
not exposed to the IR laser) of ZnO seeds/rGO and ZnO
NRs/rGO before and after hydrothermal growth, respec-
tively. The two Zn 2p peaks that are clearly visible in the
GO area correspond to the Zn 2p1/2 and Zn 2p3/2 binding
energies. Thus, some zinc atoms from zinc acetate
remained on GO even after rinsing with deionized water.

Compared with the Zn 2p XPS spectrum in the GO area,
the Zn 2p3/2 peak shifts ~0.4 eV toward a higher binding
energy in the rGO area, which is inconsistent with the
downshifted peaks observed for the previously reported
formation of ZnO by thermal decomposition of zinc
acetate (Supplementary Fig. S6e)18,19. The noted upshift
indicates an interaction of the divalent zinc ions with the
oxygen functional groups of GO (Supplementary Fig. S8).
Actually, divalent metal ions prefer to bind to oxygen
atoms on the surface of GO, and as a result, the ions often
induce cross-linking of the GO sheets20. Compared with
the bare GO film (Supplementary Fig. S9a), the intensity
of the C–O bond is much lower in the zinc acetate-treated
GO film, i.e., in the presence of zinc ions, indicating the
influence of the divalent metal ions on the structure of the
GO film (Supplementary Fig. S6b)20. Thus, the zinc ions
bound to the surface oxygen atoms of the GO film and
were converted to ZnO seeds following the laser

Fig. 3 Laser scribing of ZnO NR/rGO MSCs. a Photograph of the MSC electrode patterns (black) with ZnO seeds/rGO following laser scribing.
b, c Magnified SEM images of the marked areas in a. d Photograph of the ZnO NR/rGO electrode patterns after 6h of hydrothermal growth of the
ZnO seed/rGO electrodes in zinc precursor solutions. The photograph shows that the color changed from black to gray with the growth of the ZnO
NRs. e, f Magnified SEM images of ZnO NRs/rGO from the marked regions in d. g High-resolution SEM images of f. The ZnO NRs clearly exhibit the
hexagonal wurtzite phase.
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treatment. In addition, the Zn XPS spectrum of the ZnO
NR/rGO area exhibits a nearly identical peak position
(1022.5 eV of Zn 2p3/2) to that observed in the spectrum
of the ZnO seed/rGO area (1022.4 eV of Zn 2p3/2);
however, a much higher intensity of the Zn 2p peaks is
noted in this case. Based on the analysis of the XPS peaks,
we conclude that the ZnO NRs were successfully grown
on the ZnO seeds, which selectively changed from diva-
lent zinc ions on the GO sheets.

Electrochemical characterization of the ZnO NR/rGO MSCs
One of the key advantages of the developed patterning

technique is that it provides flexibility in the design of
supercapacitor electrodes using computer software. Var-
ious designs of ZnO NR/rGO microsupercapacitors (ZG
MSCs) can be patterned on a PET film, and the optimum
MSC design can be determined by evaluating the per-
formance of each MSC. In the present study, three dif-
ferent ZG MSCs containing 14 electrodes with widths of
350, 330, or 310 μm were fabricated. Notably, the same
device area was retained for all MSCs (Supplementary Fig.
S10). The electrochemical characterization of the devel-
oped MSCs was performed using a two-electrode system
containing a solid H2SO4/PVA electrolyte. Figure 4a
presents the CV curves of the 350-, 330-, and 310-ZG
MSCs at a scan rate of 100mV s−1. The average integral
area of the CV curves of the 350-ZG MSC is considerably
larger than those of the 330-ZG MSC and 310-ZG MSC,
suggesting a larger stack capacitance of the 350-ZG MSC.
The electrochemical performance of the ZG MSC sam-
ples with different electrode sizes was further studied by
galvanostatic charge–discharge (GCD) measurements.
The typical GCD test of each ZG MSC was conducted at a
current density of 0.1 A cm−3 (Fig. 4b). The GCD curve of
the 350-ZG MSC is considerably prolonged and exhibits a
lower IR drop in comparison to the other ZG MSCs. The
stack capacitances of each ZG MSC were calculated uti-
lizing the discharge curves and found to be equal to 3.90,
2.32, and 1.51 F cm−3 for the 350-, 330-, and 310-ZG
MSCs, respectively. Because evaluation of the capacitance
based on volume rather than mass is more reasonable in
the case of MSCs, we determined the specific capacitances
of the MSCs based on the volume of the stack3. Since the
electrodes of the MSCs were not passivated, the Cou-
lombic efficiencies of all ZG MSCs were higher than 100%
due to the possible interactions between the electrolytes
and the ZnO nanorods (Supplementary Table S1). Thus,
further studies are necessary to suppress undesired che-
mical reactions that induce breakdown of the electrodes
and dissolution of active materials through the introduc-
tion of proper passivation layers21. Fig. 4c presents the
Nyquist plots of the ZG MSCs over the frequency range of
100 kHz to 0.01 Hz measured at the open-circuit poten-
tial. As shown in Supplementary Fig. S11, we created an

equivalent circuit for fitting the experimental data since
there is no simple equivalent circuit for porous electrodes
that can be applied to our electrodes because of the
complicated 3D geometry and porous structures. R1 in the
equivalent circuit corresponds to the equivalent series
resistance (ESR) that includes the intrinsic resistance of
the electrode material, solution resistance, and contact
resistance at the interface between the current collector
and electrode22–24. There are two resistor and constant
phase element (CPE) pairs connected in series with R1

25.
One is related to the charge transfer process occurring at
the interface between ZnO and the electrolyte22, and the
other with Warburg impedance could be due to a charge
transfer process affected by ion transport within the
porous ZnO electrode and ion/electron hopping in the
ZnO electrodes22,26. By fitting the experimental data to
the equivalent circuit, it is found that the total resistance
and Warburg resistance increase in the order of the 350-,
330-, and 310-ZG MSC (Supplementary Fig. S11b). This
trend is the reverse of the order of the capacitance values,
which are measured as decreasing in the order of the 350-,
330-, and 310-ZG MSC. Compared to the other ZG
MSCs, the 350-ZG MSC exhibits the lowest resistance
and Warburg diffusion impedance as the gap between the
electrodes decreases27. The decrease in the interspace
reduces the ion diffusion length and lowers the internal
resistance. The stack capacitances of the different ZG
MSCs as a function of the current density are presented in
Fig. 4d. The stack capacitances of all the ZG MSCs
decrease with increasing current density; however, the
350-ZG MSC exhibits the highest stack capacitance
among all the ZG MSCs. All of the observed trends ori-
ginate from the increased interspacing between the elec-
trodes resulting from the narrowing of the electrode width
in the sequence of the 350-, 330-, and 310-ZG MSC.
Thus, as mentioned above, the increase in the interspace
between the electrodes leads to an increase in the ion
diffusion length, resulting in an increase in the internal
resistance2. These observations correlate with the EIS
(Fig. 4c) and IR-drop (Fig. 4b) results. In addition, the
stack capacitance also decreases with the reduction in the
electrode width.
To verify the pseudocapacitive contribution of the ZnO

NRs in the ZG MSCs, we conducted an electrochemical
performance comparison with a ZnO-free 350-rGO MSC
exhibiting only electric double-layer capacitance (EDLC).
The CV curve of the 350-rGO MSC at a 100mV s−1 scan
rate exhibits a more rectangular shape than that of the
350-ZG MSC (Supplementary Fig. S12a). In addition, the
ZG MSC exhibits a larger IR drop than the rGO MSC at
the same current density (Supplementary Fig. S12b). In
other words, in contrast to the rGO MSC, the ZG MSC
exhibits ohmic behavior, indicating higher internal resis-
tance of the ZG MSC compared with the rGO MSC,
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which is a result of the lower electrical conductivity of the
ZnO NRs. Even though the ZnO NRs exhibit lower
electrical conductivity compared with rGO, the Faradaic
current generated by the surface reaction between the
ZnO NRs and the electrolytes increases the stack capa-
citance. Notably, the ZG MSC exhibits a considerably
higher average area in the CV test, and the GCD curves of
the 350-ZG MSC are significantly more prolonged in
comparison to the 350-rGO MSC. Consequently, the
stack capacitance calculated during the GCD test is higher
for the ZG MSC than for the rGO MSC at different
current densities (Supplementary Fig. S12c). Furthermore,
the long-term stability of the 350-ZG MSC and 350-rGO
MSC was also monitored over 10,000 GCD cycles (Sup-
plementary Fig. S12d). During the first 2,000 cycles, both
MSCs were unstable and were supposedly undergoing the
stabilization process. Subsequently, both MSCs exhibited
good and stable retention rates up to 9,000 cycles. Overall,
however, the ZG MSC displays significantly better capa-
citor performance than the rGO MSC. The ZG MSC
exhibits a higher stack capacitance (1.31 F cm−3 for the
rGO MSC vs. 3.90 F cm−3 for the ZG MSC), an improved
power density (0.26W cm−3 for the rGO MSC vs. 0.40W
cm−3 for the ZG MSC), and an enhanced energy density,

i.e., a higher stack capacitance (0.13 mWh cm−3 for the
rGO MSC vs. 0.43 mWh cm−3 for the ZG MSC). The CV
curves at different scan rates (from 10 to 500mV s−1) and
the GCD curves at various current densities (from 114 to
327mA cm−3) were measured for both the rGO MSC and
ZG MSC, exhibiting excellent capacitive characteristics
and remarkable rate performance of the ZG MSC com-
pared with the rGO MSC (Supplementary Fig. S13).
Moreover, the Ragone plots demonstrate that the ZG
MSC delivers high power density and energy density,
comparable to other supercapacitors with different design
structures (Supplementary Fig. S14)1–4,28–30. Our pat-
terned rGO, which was reduced utilizing the LightScribe
DVD drive, exhibits a lower current level in the IV curve
(800 μA at 1 V) than that previously reported by El-Kady
et al. (20 mA at 1 V) (Supplementary Fig. S15), whereas
the current level of GO is analogous to that in the pre-
vious work3. The different capacitor performances
demonstrated in the current study may originate from the
different laser power densities and scanning speeds of the
LightScribe DVD equipment used in our work than those
employed in the previous study by El-Kady et al., sig-
nificantly affecting the GO reduction and subsequent
electrical conductivity of rGO. It is noteworthy that the

Fig. 4 Electrochemical analyses of the 310-, 330-, and 350-ZG MSCs in the presence of the H2SO4/PVA gel electrolyte. a Cyclic voltammetry
curves at a scan rate of 100 mV s−1. b Galvanostatic charge–discharge curves at 0.1 A cm−3. c Nyquist plots of the ZG MSCs analyzed over the
frequency range of 100 kHz to 0.01 Hz at the open-circuit potential. Symbols and lines indicate the experimental data and their fittings based on the
equivalent circuit model, respectively. d Stack capacitance measured from the GCD tests at different current densities.
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report on a supercapacitor fabricated using laser-scribed
rGO employing a LightScribe DVD recorder identical to
the one described in our work demonstrated similar IV
characteristics for both GO and rGO31. Accordingly, a
significant performance enhancement can be expected by
fabricating our ZG MSCs utilizing the same quality of
rGO as described in El-Kady’s work3. To evaluate the
practical applicability of the ZG MSCs, the self-
discharging behavior of the 350-ZG MSC was mon-
itored after charging it to 1 V. Self-discharge is a phe-
nomenon in which the supercapacitor continuously loses
stored charges under open-circuit conditions, which is
observed as a decrease in the output voltage of the
supercapacitor. Since self-discharging is a crucial factor
for real applications, great efforts have been made to
suppress self-discharge and allow supercapacitors to store
energy more efficiently32–35. As shown in Fig. S16, the
open-circuit potential decreases from 1 V to 0.6 V in
30min, then stabilizes at approximately 0.4 V and remains
at this value for over 15 h. The self-discharge rate can be
further suppressed by introducing proper passivation,
adding additives, or using organic or solid electrolytes.

Conclusion
In conclusion, we successfully developed a facile selec-

tive patterning method for ZnO NR/rGO composites
through a simple photothermal reaction utilizing laser
scribing and sequential hydrothermal growth of ZnO.
Owing to the design flexibility that the laser-scribing
approach provides, various microsupercapacitor designs
can be easily examined to determine the optimal device
structure. Furthermore, the ZG MSC exhibits notable
improvement in all aspects of the capacitor evaluation
compared with the rGO MSC, which may be attributed to
the synergistic effects of the pseudocapacitance and EDLC
of the ZG MSC. In addition, the ZG MSC also exhibits
long-term cycling stability. The selective growth of gra-
phene/metal oxide composites, particularly at desired
locations, is a challenging but essential task to be adopted
for different device applications. We expect that the
described technique can be utilized for fabricating various
MSCs and functional microdevices by combining the
advantages of top-down fabrication and bottom-up
synthesis.
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