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The fabrication of high-resolution laser-scribed graphene devices is crucial to achieving large surface
areas and thus performance breakthroughs. However, since the investigation mainly focuses on the
laser-induced reduction of graphene oxide, the single-beam scribing provides a tremendous challenge
to realizing subdiffraction features of graphene patterns. Here, we present an innovative 2-beam laser
scribing pathway for the fabrication of subdiffraction graphene patterns. First, an oxidation reaction of
highly reduced graphene oxide can be controllably driven by irradiation of a 532-nm femtosecond laser
beam. Based on the oxidation mechanism, a 2-beam laser scribing was performed on graphene oxide
thin films, in which a doughnut-shaped 375-nm beam reduces graphene oxide and a spherical 532-nm
ultrafast beam induces the oxidation of laser-reduced graphene oxide. The spherical beam turns the
highly reduced graphene oxide (reduced by the doughnut-shaped beam) to an oxidized state, splitting
the laser-scribed graphene oxide line into 2 subdiffraction featured segments and thus forming a laser-
scribed graphene/oxidized laser-scribed graphene/laser-scribed graphene line. Through the adjustment
of the oxidation beam power, the minimum linewidth of laser-scribed graphene was measured to be 90 nm.
Next, we fabricated patterned supercapacitor electrodes containing parallel laser-scribed graphene lines
with subdiffraction widths and spacings. An outstanding gravimetric capacitance of 308 F/g, which is
substantially higher than those of reported graphene-based supercapacitors, has been delivered. The
results offer a broadly accessible strategy for the fabrication of high-performance graphene-based devices
including high-capacity energy storage, high-resolution holograms, high-sensitivity sensors, triboelectric
nanogenerators with high power densities, and artificial intelligence devices with high neuron densities.
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Introduction

Recently, scientists have found that graphene, a layered struc-
ture of carbon atoms tightly packed into 2-dimensional hon-
eycomb lattices, demonstrates extraordinary electrical, optical,
and mechanical properties [1-5]. Patterned graphene struc-
tures have been demonstrated to be capable of significantly
improving the performances of devices including energy storage
[6-9], holograms [10-12], sensors [13-15], and triboelectric
nanogenerators [16-18]. Among various graphene-based mate-
rials, graphene oxide (GO), which is a skeleton of graphene
decorated with epoxide, carbonyl, hydroxyl, and phenol func-
tional groups, has attracted considerable interest [19,20].

For the fabrication procedure of patterned GO-based devices,
first, large-scale production of aqueous GO colloids is realized
by chemical graphite with strong oxidizers and acids, and then
GO films are deposited by spin-coating, drop-casting, blade,
or freezing-drying method. Next, a single-beam laser scribing
procedure drives the elimination of the functional groups and
a subsequent reduction from GO films to patterns of laser-
scribed graphene oxide (LSG) [21-23]. The dimensional param-
eters of the patterns determine the surface areas of the devices
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and thus the performances [24,25]. Consequently, subdiffraction
featured LSG patterns hold the key to the performance break-
through of the devices. Currently, the linewidths of the reported
LSG patterns fabricated by the single-beam pathway were micro-
sized [26-28]. It is a tremendous challenge to achieve features
of LSG patterns beyond the diftraction limit barrier.

Recently, a 2-beam laser scribing technology has been reported
using a doughnut-shaped beam to inhibit the photopolymeri-
zation triggered by the writing beam at the doughnut ring,
thereby fabricating resin patterns with linewidths far beyond
diffraction limits [29], gyroid patterns with 350-nm feature size
[30], and reduced GO patterns with microsized features [31].
However, since the inhibition pathway of GO photoreduction
has not been realized, the technology to fabricate subdiftrac-
tion featured LSG patterns has not been developed. In this
paper, an oxidation reaction of highly reduced GO driven by a
femtosecond laser beam irradiation has been demonstrated. A
2-beam laser scribing of LSG patterns with a minimum line-
width of 90 nm has been realized. The subdiffraction featured
patterns deliver an extremely high gravimetric capacitance of
308 F/g, around 50% higher than those for reported graphene
supercapacitors.
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Materials and Methods

Preparation of GO thin films

GO was prepared from graphite powder by a modified Hummers’
method. First, graphite and NaNO, were mixed with concen-
trated H,SO, under stirring, followed by the addition of KMnO,.
Then, H,0, was added at 98 °C. The GO suspension was obtained
after the centrifugation. Aqueous GO suspensions were spin-
coated on the polyethylene terephthalate (PET) films with a
thickness of 0.2 mm, and then GO thin films with different
thicknesses were produced.

Subdiffraction laser fabrication and characterization
of LSG patterns

A continuous-wave mode laser (Coherent-cube) with a wave-
length of 375 nm was adopted as the doughnut-shaped GO
reduction beam. The beam was expanded after going through
a half-wave plate, modulated by a phase plate (vortex phase,
RPC Photonics Inc.) to generate a focus profile with zero inten-
sity at the center of the focal region, and then introduced into
a high numerical aperture objective (NA = 1.4, Olympus). A
femtosecond laser (Coherent Chameleon) with a wavelength
of 532 nm was used as the GO oxidation beam. Confocal detec-
tor photomultiplier tubes were used for the system alignment
and the beam overlapping. The exposure of these concentric
beams was simultaneously controlled by synchronized shutters
and monitored by a charge-coupled device camera. Raman mea-
surements were performed with Bruker Dimension Icon-Raman
atomic force microscopy (AFM). X-ray diftraction (XRD) spec-
tra were measured with Philips X’Pert materials research dif-
fractometry (MRD). X-ray photoelectron spectroscopy (XPS)
measurement was conducted with Kratos AXIS Supra XPS. The
features and the cross-sectional profiles of the fabricated struc-
tures were measured with Zeiss Supra 40 VP field emission
scanning electron microscopy (SEM) and Bruker Dimension
Icon-Raman AFM. Before the SEM measurement, the sample
was deposited with a 6-nm gold layer in a thermal evaporator.
Fourier transform infrared (FTIR) spectroscopy was used with
Nicolet 6700 FTIR.

Supercapacitor assembly and characterization

The PET films were put into a thermal evaporator. The film edges
were deposited by a 100-nm Au layer pattern for electron col-
lection. Next, aqueous GO suspensions were spin-coated on the
PET films, and then reduced graphene oxide (rGO) thin films
with thicknesses of 200 and 850 nm were produced. The LSG
patterns were fabricated in the middle of the films using the
2-beam laser scribing, with areas of 9 mm’. For the assembly
with a solid-state gel electrolyte, a solution of polyvinyl alcohol/
phosphoric acid (PVA/H;PO,) was prepared by adding 3 ml of
H,PO, and 5 g of PVA into 40 ml of deionized water at 85 °C for
2 h under continuous stirring. The PVA/H,;PO, electrolyte was
drop cast above the LSG patterns and solidified for 24 h. Two LSG
electrodes were separated by ion-porous separators (CelgardR
3501) and sealed by parafilm for electrochemical measurements.
The electrochemical performances of the supercapacitors were
investigated by galvanostatic charge/discharge (GCD), cyclic vol-
tammetry (CV), and electrochemical impedance spectroscopy (EIS)
measurement using Gamry Interface 1000 Potentiostat. The grav-
imetric capacitance (C,) was calculated by the following formula:

C,=IAt/AV, where I is the discharge current density calculated by
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the mass of the electrode including LSG lines and interspaces,
At is the discharge time, and AV is the discharge potential drop.

Results and Discussion

Threshold model of 2-beam graphene laser scribing
The 2-beam laser scribing procedure to fabricate subdiffraction
patterned graphene structures is schematically illustrated in
Fig. 1. Unlike the polymer-based resin patterns, what we con-
trol during the 2-beam fabrication is a reversible reduction-
oxidation reaction, rather than a one-way polymerization. A
doughnut-shaped 375-nm beam and a spherical 532-nm beam
are concentric and simultaneously controlled. Because the
outer diameter of the doughnut-shaped beam is larger than the
diameter of the spherical beam, at the beginning GO is reduced
to LSG by the front half of the doughnut-shaped beam. Next,
the spherical beam turns LSG to oxidized LSG (OLSG), split-
ting the LSG line into 2 subdiffraction featured segments. Due
to the interlayer expansion, OLSG changes slightly during the
second-round photoreduction from the rear half of the doughnut-
shaped beam. Consequently, a subdiffraction LSG/OLSG/LSG
line can be fabricated.

The rate equation of the laser-driven LSG oxidation was
established.

_ dAcarbon _ kAb (1)

dt carbon

Here, A 00 is the carbon concentration of the LSG film, k is
the rate constant, and b is the reaction order. Since k is a func-
tion of the oxidation laser beam power (P), once the scanning
speed is fixed Eq. 1 can be converted to:

b
AAcarbon =f(P) ' Acarbon (2)
Here, AA_ on is the carbon concentration change during
oxidation.

The generation of the OLSG line occurs as the oxidation
laser beam power (P) exceeds the oxidation threshold (Py,). Due
to the intensity distribution of the Gaussian beam, the relation-
ship between P and Py, is given by:

2
_LOLZSG
_ 2w
P, th = Pe 0

3)

Here, W, is the beam diameter. Consequently, the OLSG line-
width (L) can be written as:

LOLSG =a4/ln <i> (4)

th

o is a constant once the beam diameter is fixed. The LSG line-
width (L;gs) then reads:

p-o 1“(%) 5)
LLSG:f

Here, B is the LSG linewidth without the application of the
oxidation beam.
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Fig.1.The 2-beam laser scribing procedure to fabricate subdiffraction graphene structures. fs, femtosecond; CW, continuous wave.

Laser-driven GO reduction and LSG oxidation

To demonstrate the laser-driven reactions of GO and LSG, we
measured Raman spectra of laser-treated GO films and calcu-
lated the intensity ratio between the peaks D and G (Ip/I;),
which are used to characterize the LSG reduction degrees.
Figure 2A shows the relationship between the laser powers and
the intensity ratios during GO reduction under a scanning
speed of 10 pm/s. The ratio reduction occurs under powers of
6,9, and 12 mW. In this case, the ratio values decline with the
laser power increase due to the enhancement of the reduction
degrees. Once the power is above 12 mW, laser ablation turning
GO to carbon dioxide is induced.

LSG with high reduction degrees can be oxidized by the
irradiation of a 532-nm femtosecond laser beam, as shown in
Fig. 2B. Under an 18-mW power and a 10 pm/s scanning speed
of the oxidation beam, the intensity ratio enhances from 0.29
to 0.86 (the purple line in Fig. 2B), indicating that oxygen mol-
ecules act as oxidizing agents turning LSG to OLSG [32,33].
The laser ablation happens when the power is above 18 mW.
XRD results also confirm the LSG oxidation through the inten-
sity increase of the (001) diffraction peak and the decrease of
the (002) peak (Fig. S1). On the contrary, the LSG film with a
relatively high I;,/I; ratio of 0.71 is further reduced when the
power is below 6 mW (black line). The film with a ratio of 0.47
is oxidized under powers of 3 and 6 mW, while it is reduced
under 9, 12, and 15 mW. Regarding the second-round reduc-
tion by the 375-nm beam, the OLSG film with an intensity ratio
of 0.86 is slightly reduced since the ratio changes to 0.65 under
a 9-mW power (Fig. 2C). The I,/ ratio decrease of the GO
reduction is sharper than that of OLSG because of the interlayer
expansion during the laser scribing procedures.

The mechanism of photooxidation driven by the 532-nm
beam was investigated by the chemical composition change
of LSG as a function of the beam power. According to XPS
data shown in Fig. 2D and Fig. S2, in the LSG film with a 0.29
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intensity ratio, a significant increase in the concentrations and
peak intensities of hydroxyl (286 eV) and epoxide (289 eV)
groups and a decrease in carbon bonds (284 eV) can be observed.
Moreover, compared with the FTIR spectroscopy of LSG, that of
OLSG displays an obvious presence of O-H bonds at 3,300 cm ™"
(Fig. S3). These trends demonstrating the LSG oxidation are
consistent with that of the Raman data (Fig. 2B). Once the oxi-
dation power is higher than 9 mW; a linear relationship between
the carbon concentration and the oxidation power can be
observed. It can be fitted with Eq. 2: AA _pon =f (P) - A o’
. . . . . . .Car on

in which f(P) is a linear function and the reaction order (b) is zero.
Regarding the LSG film with a 0.47 Ip,/I; ratio, the Raman
results (Fig. 2B) imply that the 532-nm beam treatment of
LSG leads to a balancing act between oxidation and reduc-
tion, and the oxidation is prone to be triggered on the LSG film
under low beam powers. Slight oxidation occurs within a beam
power from 3 to 9 mW, mainly due to the generation of hydroxyl
groups. A further increase of the power induces a break of
the carbon-oxygen bonds and thus the reduction of the LSG
(Fig. S4).

The relationship between the laser powers and the intensity
ratios under a high scanning speed of 15 pm/s was also studied
(Fig. S5, A to C). GO photoreduction is induced once the 375-nm
laser power is below 21 mW. The threshold is higher than that
under a 10 pm/s speed because of the less energy received by
the GO film under the same beam power. The LSG film with
the highest reduction degree can be oxidized by the 532-nm
beam. The 15-mW beam increases the I;)/I; ratio from 0.3 t0 0.73.
Under the powers of 18 and 21 mW, the intensity ratios of OLSG
are lower than that under 12 mW. We also found slight changes
in the intensity ratios during the second-round photoreduction.
Once a low scanning speed of 5 pm/s is applied (Fig. S6, A to C),
through the illumination of the 532-nm beam, the I;,/I; ratio
can increase from 0.59 to 0.64 due to the LSG photooxidation.
The threshold is lower than those under 5 and 10 pm/s speeds.
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Fig. 2. Laser-driven GO reduction and LSG oxidation. The relationship between the laser powers and the intensity ratios under a scanning speed of 10 pm/s during the first
reduction (A), the oxidation (B), and the second reduction (C). (D) Chemical composition changes of LSG with an I/l ratio of 0.29 treated under various oxidation beam
powers. (E) Laser power ranges of LSG oxidation, reduction, and ablation under various /I ratios and a scanning speed of 10 pm/s.

Figure 2E demonstrates the laser power ranges of LSG oxi-
dation, reduction, and ablation under various I;,/I; ratios and
a scanning speed of 10 pm/s. LSG films with ratios of 0.29 and
0.47 can be oxidized under powers of 6 to 18 mW and 3 to 9 mW,
respectively. A high scanning speed of 15 pm/s leads to a shift
of the power range from 9 to 21 mW when the intensity ratio
is 0.3 (Fig. S7), while under a low scanning speed of 5 pm/s the
oxidation power range from 4 to 7 mW can be observed with
aratio of 0.59 (Fig. S8). Taking advantage of the power windows
of the LSG oxidation, we can split a laser-scribed LSG line
through the generation of OLSG and thus realize subdiffraction
featured LSG patterns.

Laser-scribed LSG and OLSG patterns with

subdiffraction features

To demonstrate the subdiffraction featured patterns, we con-
ducted a 2-beam laser fabrication procedure of a 200-nm GO
film by using a reduction beam and an oxidation beam intro-
duced into a high numerical aperture objective (NA = 1.4,
Olympus). LSG lines with various widths and spacings were
fabricated by moving the film, while the XY positions of the
focal spot were fixed. Without the oxidation beam, the GO
reduction and the LSG formation are driven once the laser
power is between the reaction threshold and the ablation
threshold. The widths of the free-standing LSG line increase
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with the increment of the reduction beam powers (Fig. 3A and
Fig. §9). Under a scanning speed of 10 pm/s, the average widths
are 260 and 420 nm when the powers of the 375-nm beam are
6 and 12 mW, respectively.

While the oxidation beam is introduced, an OLSG line can
be observed to emerge from the middle of the LSG line (Fig. 3B),
allowing the line to be split into 2 segments. When the oxida-
tion powers increase from 9 to 18 mW, the average widths of the
OLSG lines are experimentally enhanced from 140 to 240 nm
under a scanning speed of 10 pm/s, respectively (Fig. 3, B to D).
Both the reduction and the oxidation beam can lead to humps
with heights of 250 nm due to the interlayer expansion of the
graphene-based film (Fig. 3, E and F). The OLSG linewidth results
can be fitted with the following formula: Ly g = o ln( % )
(Eq. 4), with a0 = 230 nm, P defined as the oxidation beam
power, and P, of 6 mW defined as the LSG oxidation threshold.
In the meantime, the widths of the LSG lines are measured to
be 140 nm under 9 mW. A minimum width of 90 nm is observed
under 18 mW. The relationship between the subdiffraction
linewidths and the oxidation powers agrees with the follow-

P—aq/ ln( Pi )
ing equation: Lj g5 = % (Eq. 5), with p of 420 nm as
the LSG width without the oxidation beam introduction. The
material modification is mainly driven by direct photochemical
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Fig. 3. Laser-scribed graphene lines with subdiffraction features. (A) Single-beam fabrication of a 200-nm GO film. The relationship between the LSG linewidths and the
reduction beam powers under a 10 pm/s scanning speed, and a SEM image of the LSG line. (B) Two-beam fabrication of the 200-nm film. The experimental and theoretical
relationship between the LSG/OLSG linewidths and the oxidation beam powers, and SEM images of the graphene structures. The SEM cross-sectional profiles of the structures
fabricated under oxidation powers of 9 mW (C) and 18 mW (D). a.u., arbitrary units. The AFM height profiles of the structures fabricated under oxidation powers of 9 mW (E)

and 18 mW (F). Scale bar: 1 pm.

reactions. The ultrashort pulse of the femtosecond laser beam scrib-
ing can suppress the thermal diffusion effect because tzl/lle OLSG
linewidth is significantly less than the beam diameter (7).

Similar subdiffraction featured structures were observed
under a scanning speed of 15 pm/s. With a reduction beam
of 21 mW, the average widths of the OLSG lines are 140, 200,
and 240 nm when oxidation beam powers are 15, 18, and
21 mW, respectively. The results lead to LSG lines with
widths of 180, 150, and 130 nm (Fig. S10). However, under a
scanning speed of 5 pm/s, what we observed is not LSG, but
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OLSG lines only. In this case, the OLSG widths exceed those
of the LSG line due to the thermal diffusion effect of the
532-nm beam.

The 2-beam laser fabrication procedure was also conducted
on the 850-nm GO film. Without the oxidation beam and under
a scanning speed of 10 pm/s, the average widths of the LSG
lines are 310 and 550 nm when the powers of the 375-nm beam
are 6 and 12 mW, respectively (Fig. S11). An OLSG line can be
observed once the oxidation beam is introduced. When the
oxidation powers are 9 and 18 mW, the average widths of the
OLSG lines are 190 and 290 nm, and the average LSG widths
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Fig.4. Subdiffraction featured graphene patterns and electrochemical performances of supercapacitors. SEM images and profiles of LSG patterns with widths of 180 nm (A)
and 130 nm (B). Scale bar: 500 nm. (C) Gravimetric capacitances of supercapacitors of graphene patterns under different current densities. Inset: The graphene pattern
structure, in which a gold film (red frame) was deposited at the substrate edge and located below the GO film. (D) GCD curves of supercapacitors with the structure A electrode
at different current densities. Capacitance retention of supercapacitors with the structure A electrode in 10,000 charge/discharge cycles (E) and 10,000 folding cycles (F)

under a current density of 1A/g.

are 180 and 130 nm, respectively (Fig. S12). We calculated the
axial to lateral ratio of the 550-nm LSG line through a 45° tilt
SEM measurement [9]. The ratio is around 1.2, indicating that
the LSG is not throughout the film thickness.

Fabrication of subdiffraction featured graphene

patterns and supercapacitor performances

Next, we fabricated patterns of parallel LSG lines with subdif-
fraction features through the 2-beam laser scribing. The par-
allel LSG lines with fixed distances were sequentially fabricated
by moving the GO film, while the positions of both beam spots
were fixed. As shown in Fig. 4 (A and B), when the 850-nm GO
film was scribed under a scanning speed of 10 pm/s, parallel LSG
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lines with average linewidths of 180 nm (structure A) and 130 nm
(structure B) were produced. The average spacings (widths of
OLSG lines) are 190 and 290 nm, respectively. Through the
fabrication of the 200-nm GO film, an LSG structure with a
140-nm average width and a 140-nm average spacing can be
achieved under an oxidation power of 9 mW (structure C), and
another structure with a 90-nm average width and a 240-nm
average spacing can be realized under 18-mW power (structure D),
as shown in Fig. S13. The results imply that the 2-beam laser scrib-
ing procedure can fabricate LSG patterns with features beyond the
diffraction limit barrier and thus has the potential to provide per-
formance breakthroughs for graphene-based devices.

To measure the capacity performances of the graphene elec-
trodes, we fabricated the LSG parallel-line structures based on
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the subdiffraction featured graphene structures as supercapac-
itor electrodes, which were assembled using a solid-state gel
electrolyte of PVA/H,PO,. The square-shaped electrode area is
fixed to be 9 mm”. As shown in Fig. 4C, the 800-nm GO film
can be fabricated to electrodes with high supercapacitor per-
formances. On the other hand, the 200-nm film leads to signif-
icant exfoliation of the graphene flakes from the substrate,
thereby resulting in lower capacitances. Structure A demon-
strates the highest volumetric capacitance among the 4 struc-
tures (Fig. S14). Gravimetric capacitances of 308 and 210 F/g
were measured at current densities of 1 and 50 A/g, respectively.
Moreover, nearly symmetric triangle curves can be exhibited
in the GCD measurements of the structure A electrodes (Fig. 4D),
and the CV studies of the electrodes show quasi-rectangular
loops (Fig. S15). The characteristics demonstrate an ideal elec-
trical double layer behavior. The superior capacitance can also
be verified by the EIS measurement, in which an equivalent
series resistance could be derived to be only 1.1 Q (Fig. S16).

On the other hand, the capacitance of structure A is higher
than that of supercapacitors with planer LSG electrodes (212 F/g
under 1 A/g current density), which were fabricated by the GO
film using the reduction beam only. Once the LSG linewidth
is less than the thickness and comparable with the spacing, the
subdiffraction featured structures exhibit more surface areas
than the planer one. A decrease of the linewidths with subwave-
length features induces an exponential growth of the surface
areas [34]. Consequently, the subdiffraction featured graphene
structure exhibits a dramatically high gravimetric capacitance.
The value is around 50% higher than those for reported graphene
supercapacitors and also higher than those of some doped
graphene supercapacitors (Table S1) [8,35-47]. It verifies that
the subdiffraction featured structures provide performance break-
throughs for energy storage.

Moreover, excellent cycling stabilities of the subdiffraction
featured graphene structures have been demonstrated. The ini-
tial capacitance retention of the supercapacitors with structures
A and B after 10,000 cycles was observed to be 98.2% and 97.9%
ata current density of 1 A/g, respectively (Fig. 4E and Fig. S17).
The stability performances are higher than those of super-
capacitors with LSG electrodes [48]. On the other hand, the
supercapacitors also show high stability in mechanical cycling.
The capacitance retentions are around 97.8% and 96.9% after
10,000 folding cycles at a current density of 1 A/g, respectively
(Fig. 4F and Fig. S18). The 2-beam laser scribing procedure
could offer a powerful and broadly feasible strategy for the
fabrication of super-resolution structures and thus the realiza-
tion of high-performance supercapacitors, holograms, sensors,
and triboelectric nanogenerators. Moreover, artificial intel-
ligence devices have drawn tremendous attention in neuromor-
phic computing due to the advantages of parallel multitasks
and low energy consumption [49]. The 2-beam procedure has
great potential to achieve artificial intelligence devices with
high neuron densities and thus provide breakthroughs in com-
puting power and intelligence power.

Conclusion

In summary, here, an innovative 2-beam laser scribing pathway
for the fabrication of subdiffraction graphene patterns is pre-
sented. We have demonstrated that an oxidation reaction of
highly reduced GO can be driven by a femtosecond laser beam
irradiation. Under an 18-mW power and a 10 pm/s scanning
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speed of the oxidation beam, the intensity ratio between the
Raman peaks D and G enhances from 0.29 to 0.86. Based on
the photooxidation mechanism, a doughnut-shaped reduction
laser beam and a spherical oxidation 532-nm beam are simul-
taneously controlled for the fabrication. The spherical beam
turns LSG to OLSG, splitting the LSG line into 2 subdiftraction
featured segments. A minimum LSG linewidth of 90 nm was
achieved. Next, supercapacitor electrodes of subdiffraction
featured patterns consisting of parallel LSG lines have been
scribed. The pattern with a linewidth of 180 nm and a spacing
of 190 nm delivers an extremely high gravimetric capaci-
tance of 308 F/g, significantly high than those for reported
graphene supercapacitors. The results pave the way toward
high-performance graphene-based devices, especially artificial
intelligence devices with high neuron densities.
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Fig. S1. XRD spectra of GO, LSG with an I,/I; ratio of 0.29,
and OLSG with an I,/I; ratio of 0.86.

Fig. S2. XPS spectra of GO, LSG with an I,/ ratio of 0.29, and
OLSG with an I,/I; ratio of 0.86.

Fig. S3. FTIR spectra of GO, LSG with an I,/I; ratio of 0.29,
and OLSG with an I,/I; ratio of 0.86.

Fig. S4. Chemical composition changes of LSG with an I;,/I
ratio of 0.47 treated under various oxidation beam powers.
Fig. S5. The relationship between the laser powers and the
intensity ratios under a scanning speed of 15 pm/s.

Fig. S6. The relationship between the laser powers and the
intensity ratios under a scanning speed of 5 pm/s.

Fig. S7. Laser power ranges of LSG oxidation, reduction, and
ablation under various I,/I; ratios and a scanning speed of
15 pm/s.

Fig. S8. Laser power ranges of LSG oxidation, reduction, and
ablation under various I,/I; ratios and a scanning speed of
5 pm/s.

Fig. S9. Single-beam laser fabrication of a 200-nm GO film.
Fig. S10. Two-beam laser fabrication of a 200-nm GO film.
Fig. S11. Single-beam laser fabrication of the 850-nm GO film.
Fig. S12. Two-beam laser fabrication of the 850-nm GO film.
Fig. S13. SEM images of LSG patterns.

Fig. S14. Gravimetric capacitances of supercapacitors of graphene
patterns.

Fig. S15. A CV profile of the supercapacitor with structure A
pattern under a scanning rate of 1 V/s.
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Fig. S16. Nyquist plot of the supercapacitor with the structure
A electrode.

Fig. S17. Capacitance retention of supercapacitors with the struc-
ture B electrode in 10,000 charge/discharge cycles under a cur-
rent density of 1 A/g.

Fig. S18. Capacitance retention in 10,000 folding cycles of super-
capacitors with the structure B electrode under a current density
of 1 A/g.

Table S1. List of the capacitances of graphene and doped graphene
supercapacitors.
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