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the fabrication of graphene-based, in-plane interdigitated micro-supercapacitors (u-SCs), prepared on
free-standing GO paper (10 um thick). The electrochemical performance of n-SCs was studied using two
different electrolytes (KOH and NaCl). The results from cyclic voltammetry measurements exhibited
typical electrical double layer behavior, with specific capacitances of 9.3 uF/cm? and 13.8 uF/cm? (at a
scan rate of 10 mV/s) for KOH and NaCl electrolytes, respectively. The p-SCs exhibited good performance,

Iég/vg:;isr' with retention of 95% of the original capacitance values after 3400 charge-discharge cycles. When
Pulsed laser compared to devices obtained by conventional lithographic techniques, the laser fabrication of planar p-
Direct laser writing SCs is faster, cost-effective and scalable. We believe this one-step and environmentally friendly laser-
j-supercapacitors assisted method to be a good alternative for the fabrication of flexible energy storage devices.

Areal capacitance © 2019 Elsevier Ltd. All rights reserved.

Cycling stability

1. Introduction patterning of p-SCs using processes like photolithography [14],
hotwire chemical vapor deposition [15], pencil drawing [16], elec-

Among the various alternative energy storage technologies, trochemical deposition and post annealing [17], template plasma
supercapacitors (SCs) are one of the most promising electro- etching [18], layer-by-layer printing [19], electrophoretic deposi-

chemical energy storing devices [1—7]. Flexible SCs have lately tion [20], inkjet printing [21], screen printing [22], selective
attracted tremendous attention due to the many advantages such wetting-induced fabrication [23] and microfluidic etching [24].
as their tailored size, light weight and high energy density capacity Also, p-SCs have been designed on different substrates, using

[8—10]. However, recent advances in SCs have led to the develop- various electrode materials, such as conducting polymers [25],
ment of micro-SCs (pu-SCs), further reducing the device volume and carbonaceous materials [26] and metal oxides [27]. However, these
facilitating easy integration into micro devices [11]. Excellent flex- fabrication methods for p-SCs have several disadvantages that
ibility, high rate capability, high power density, high energy density hinder their widespread adoption, since they require expensive
and long cycle life are potential advantages of p-SCs [12,13]. raw materials or make use of toxic chemicals. The processing

Several techniques have been reported for fabrication/ methods are also complex and time-consuming, raising the fabri-

cation costs. In spite of the many alternatives already proposed for
SC fabrication, there are still some challenges that must be over-
come in order to achieve superior performance in all of the main
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GO paper only in the regions exposed to the laser [28]. By moving
the laser spot across the sample surface, this technique allows one
to “write” the desired rGO patterns. Laser-based techniques offer an
easy fabrication method for interdigitated electrodes in u-SCs [29].
Direct laser writing seems to have a vast potential for quick and
scalable synthesis of impurity-free graphene patterns on graphite
oxide (GO) paper. This technique has been attracting a large
amount of interest because it provides a fast and simple prepara-
tion route, suitable for application to flexible substrates. Also, direct
laser-writing techniques are appropriate for engineering multiple
u-SC shapes within short periods of time, without the need for
masking and transfer operations. Direct laser writing on different
carbon-containing materials have been used for building high-
performance, flexible p-SCs [30,31]. Recently, Kumar et al. have
reported direct laser writing on thin GO films for interdigitated p-
SCs [32,33]. The authors varied the laser-processing parameters
(scan speed, laser power and pulse frequency) and film thickness,
performing electrochemical analysis with different combinations of
electrolytes. Further information about laser-material interactions
and related technical details involved in direct laser writing can be
found in a previous review article [34], as well as in other recently
published articles [34—37].

Herein, we demonstrate the fabrication of interdigitated n-SCs
using direct laser writing on free-standing GO paper (10 pm thick).
Complete local reduction of GO paper by one-step laser writing has
been made possible without resorting to high temperature pro-
cessing. The electrochemical performance of p-SCs was analyzed
using two different types of electrolytes (KOH and NaCl). The
fabricated p-SCs show good areal capacitance, with excellent
cycling stability.

2. Experimental
2.1. Synthesis of GO suspensions

GO was synthesized using modified Hummer's method [38].
Graphite flakes (1.0 g) were mixed into a rounded bottom flask
containing H,SO4 (100 ml, 98.0%) under stirring (at <40 °C). After-
wards, KMnOy4 (2 g) was slowly added, generating a characteristic
green color attributed to the oxidizing agent Mn;07 [39,40]. After
completing the oxidation process, ultrapure water (250 ml, in ice
form) was added and subsequently H,O» (4.0 ml, 30% vol.) was
poured to deplete the residual KMnO4 present. The resulting
mixture was centrifuged and washed with DI water and 5% HCl (v/
v) solution. The product was washed several times using de-ionized
water in order to remove acidic species. Finally, the GO dispersed in
water was purified by dialysis for one week, using cellulose tubular
membranes, for complete removal of remaining salt impurities. The
resulting homogeneous suspension of GO (2.1 mg/ml) was stored
for preparation of free-standing GO paper.

2.2. Fabrication of free-standing GO papers

The GO was vacuum-filtered from the suspension through a
4.7 cm diameter Millipore (type HA) membrane with pore sizes of
0.45 um. After filtration and drying in air, the GO papers were
peeled off from the membrane filters. The resulting free-standing
flexible samples were used to fabricate the final u-SCs devices us-
ing direct laser writing. Fig. 1 shows a schematic representation of
the preparation of free-standing GO papers from GO suspension
and the process of direct laser writing for p-SCs.

2.3. Fabrication of u-SCs on free-standing GO papers

The laser treatment system used for direct writing of the

interdigitated electrodes is composed of computer-controlled
linear stages in an x-y configuration with z focus adjustment, us-
ing custom-built software for pattern design and movement con-
trol, and a diode-pumped solid-state (DPSS) laser. The ultraviolet
(UV) laser (Pulseo 355-20, Spectra-Physics) is a Nd:YVO4 pulsed
laser (A = 355 nm) with pulse duration of 20 ns, minimum spot size
of 10 pm and 20 W maximum UV power. The GO paper was placed
on the x-y controlled table under the stationary laser source and
the interdigitated electrodes were drawn through direct laser
reduction of the GO paper in air. The three most important vari-
ables in the process of direct laser reduction are the laser power,
scanning speed and focusing. After optimization of these parame-
ters, it was concluded that a laser power of 325 mW and a scan
speed of 2 mmy/s were suitable for complete reduction of the GO
paper across the entire thickness [32]. The as fabricated u-SCs
contained 19 parallel pairs of rGO electrodes with an area of
114 cm? (19 mm length and 6 mm width). Each linear, uniformly
reduced electrode “finger” was 5 mm long and 100 pm wide, with a
spacing of 400 um (unreduced GO) between fingers. Two rGO
contact pads 2.5 x 2.5 mm? were drawn at the end of each elec-
trode, providing convenient contacts for the electrochemical
measurements [33].

2.4. Characterization

The 10 um thick, pristine GO paper and the laser-reduced por-
tions were characterized using optical microscopy, scanning elec-
tron microscopy (SEM) and Raman spectroscopy. Optical
microscopic observations were carried out on an Olympus MX51-F
Microscope under reflectance mode. Electron microscopy was
performed on a FEG SEM with energy-dispersive X-ray probe from
FEI Company (Dual Beam FIB/FEG model Nova 200) using electron
beam currents in the 0.4—1.6 nA range and 5—10 kV energy. Energy
dispersive X-ray spectroscopy (EDS) analysis was used to assess the
changes in the oxygen-containing functional groups on the surface
of GO after the laser treatments. In order to avoid charging the
insulating GO paper, a fine metallic grounding contact was clamped
onto one corner of the sample during SEM characterization. Raman
measurements were carried out using a NT-MDT NTEGRA Spectra
spectrometer with a 473 nm laser.

2.5. Electrochemical measurements

Cyclic voltammetry (CV), galvanostatic charge/discharge and
electrochemical impedance spectroscopy (EIS) of j-SCs were per-
formed with a CHI660D electrochemical workstation (Shanghai
Chenhua) using a two electrode system with two different kinds of
electrolytes (KOH and NaCl) with the same molarity (1 M). The CV
measurement of p-SCs was carried out in the potential window
between 0 and 0.8 V with various scan rates in the range between
10 and 600 mV/s. The EIS was conducted in the frequency range
between 0.1 Hz and 100 kHz with a signal amplitude of 5 mV.

3. Results and discussion

Fig. 2 (a,b) shows the optical images of as-synthesized, free-
standing, flexible/foldable and semi-transparent GO paper after
filtration and drying in air. The GO paper displays a uniform yellow-
brown color when examined under white light. Fig. 2c shows a GO
paper containing the laser-written interdigitated electrodes of two
u-SCs on its surface.

The morphologies of the as-prepared GO paper and of the rGO
electrodes generated by laser writing were further observed by
SEM. The GO paper exhibits nearly flat surfaces (Fig. 3a) but a few
individual, well-defined GO wrinkles were induced during the GO
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Fig. 1. Schematic illustration of the processes for preparation of free-standing and flexible GO paper for direct laser writing of p-SCs.

Fig. 2. Optical images of GO paper and p-SCs. (a,b) free-standing, flexible/foldable GO paper. (c) Laser-written p-SCs on free-standing GO paper with interdigitated electrodes on
114 cm?,
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Fig. 3. SEM images of (a) GO paper, (b,c) thickness/edge of GO paper and (d) tip of laser-reduced line from interdigitated electrodes written on GO paper.

filtration process. From the layered structure seen in the cross-
sectional images (Fig. 3b and c), the thickness of the GO mem-
brane was determined to be approximately 10 um. Fig. 3d reveals
the tip of a single electrode line with thickness of ~0.36 mm on the
surface of GO paper. After laser reduction, the surfaces of GO swell
due to the formation of a porous open structure.

Fig. 4 shows an optical image of lines drawn by laser on GO
paper in order to optimize the processing conditions for writing -
SCs. The photograph shows that GO paper treated with different

Fig. 4. Photograph of GO paper with laser tracks used for optimization of processing
parameters. The optimum conditions for direct laser writing should be able to generate
conductive rGO for electrodes. Track letters correspond to (a)=365mW;
(b) =310 mW; (c) =340 mW; (d) =335 mW and (e) =325 mW laser power.

values of laser power (at fixed scan speed) show different optical
contrasts and colors, resulting from different degrees of reduction
by the laser and from the surface profiles. The surface relief is
generated either from ablation (excessive laser energy breaking
C—Cbonds) or from local swelling due to the increase in interplanar
distances resulting from desorption of chemical groups attached to
GO. The result of laser treatment is very sensitive to changes in the
processing conditions. The figure shows that even small laser po-
wer variations can produce ablation, partial reduction, reduction
with ablation etc. (a=365mW; b=310mW; c=340mW;
d=335mW and e=325mW). A laser power value of 325 mW
generated complete GO reduction without ablation and it was
deemed suitable for direct laser writing of 1-SCs. The optimization
was simplified because starting parameter ranges (for laser power,
scan speed and focusing) had already been established in our
previous studies using other forms of GO [31,32].

The elemental analyses of GO paper and of the laser-reduced
regions of the GO paper (converted into rGO) are shown, together
with the EDS spectra, in Fig. 5. The EDS results show that the GO
paper contains only carbon and oxygen, without any impurities.
The concentrations of carbon and oxygen in the GO sample were
55.53 wt% and 44.47 wt%, respectively (Fig. 5a). However, these
concentrations in the laser-reduced regions were 87.77 wt% and
12.23 wt%, for C and O, respectively (Fig. 5b). This drastic reduction
in the oxygen level indicates that a large number of oxygen-
containing functional groups were removed from the original ma-
terial by the laser treatment.

The laser-induced reduction process is a very fast, simple,
chemical free, room temperature technique that exploits the ther-
mal reactivity of GO. The photothermal effect was able to induce
the conversion of GO into rGO, in agreement with the results pre-
viously reported by other researchers [41,42]. During the pulsed
laser treatment of free standing GO paper, the absorbed laser
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Fig. 5. (a) EDS spectra of (a) unreduced GO paper and (b) laser reduced GO paper (darker region).

energy was rapidly converted into heat on the sample surface,
triggering the desorption of oxygen containing functional groups
(mainly epoxy and hydroxyl at basal planes) [43]. For longer
exposure times or higher laser power settings, thermal effects
become more and more prominent, ultimately giving rise to pho-
tothermal breakdown of carbon-carbon bonds, creating lattice
defects [44].

Optical images of laser-scribed GO paper are shown in Fig. 6. The
electrodes of the u-SCs are composed of equal numbers of “fingers”
on each side, separated by insulating GO spacers which were not
affected by the laser. Fig. 6a shows that the laser-reduced GO linear
regions appear darker due to removal of oxygen containing func-
tional groups from the GO paper. Fig. 6b and c shows that magnified
rGO lines on both electrode sides are completely reduced without
ablation from the incident laser energy. The laser treatment with
optimized conditions achieved complete reduction of the GO paper
right through its thickness.

One of the most important characterization tools for the struc-
tural investigation of carbon materials is Raman spectroscopy. The
laser-reduced portions, after writing on GO paper, contain a large
number of defects when compared to the unreduced portions, and
this has been associated to changes in the Raman spectra. Fig. 7
shows the Raman spectra for both the laser treated portion (i.e.
rGO) and the pristine GO paper. Two characteristic peaks from the
carbon lattice can be noticed (the G and D bands) for unreduced
and laser reduced GO paper [45]. The out-of-plane breathing mode
of sp? atoms in graphite is responsible for the D band and the G
band corresponds to the vibrations of sp? carbon atom domains of
graphite. For unreduced GO paper (Fig. 7a), the D band is located at
1344 cm~! and the G band at 1570 cm ™. For the laser-reduced GO
paper (Fig. 7b), both bands moved toward higher Raman shifts, now
appearing at 1350 cm™~! (D band) and 1575 cm™! (G band). The shift
in peak position and the clear intensity variation of the D band
confirm the generation of structural defects and the reduction

Fig. 6. Optical microscopy of laser treated GO paper. (a) Laser-written GO-rGO alternating pattern; (b,c) higher magnification of laser-reduced regions of opposite electrodes.



R. Kumar et al. / Energy 179 (2019) 676—684 681

Normalized intensity (a. u.)

(a) unreduced GO paper
1.0 G band
- 1570 cm™*
=]
& 081
.*? D band
G 1,/1,=0.62
[
2
£
T
Q
N
©
£
S
(<]
z
T : T :
500 1000 1500 2000 2500
Raman shift (cm)

(b) Laser reduced GO paper
1.0
G band
1575 cm?
0.8
0.6+ 1,/15,=0.76
0.4
0.2
0.0
500 1000 1500 2000 2500
Raman shift (cm™)

Fig. 7. Raman spectra of (a) unreduced GO paper and (b) laser-reduced GO paper.

imposed by direct laser writing. It is known that the ratio of peak
intensities of the D band and the G band (Ip/Ig) indicates a deviation
from the perfect honeycomb structure (e.g., defects, ripples and
edges) for rGO. In our case, Ip/Ig increases from 0.62 for GO paper
(Fig. 6a) to 0.76 for the laser reduced GO paper (Fig. 6b), indicating
that most of the oxygen-containing functional groups from GO are
being removed from its surfaces/edges during laser writing. The
increase in the Ip/Ig ratio induced by the GO reduction process has
also been reported elsewhere [46—48].

After successful fabrication of the p-SCs, their electrochemical
properties were evaluated by analysis of CV curves. The CV curves
were acquired in the voltage range of 0—0.8 V at scan rates from 10
to 600 mV/s and the lower scan rates (up to 90 mV/s) are shown in
Fig. 8. Two kinds of electrolytes, KOH and NaCl, with the same
molarity (1 M) were used to study the electrochemical performance
of the p-SCs. The same device was used in the measurements which
were carried out in the following order: (i) pristine pu-SC (Fig. 8a, as-
fabricated p-SC, without electrolyte), (ii) with KOH electrolyte
(Fig. 8b, interdigitated area was covered by KOH solution), (iii) after
removing KOH electrolyte (Fig. 8c, after removing KOH solution and
drying) and (iv) with NaCl electrolyte (Fig. 8d, interdigitated area
was covered by NaCl solution).

It can be observed in the results for the pristine u-SC (Fig. 8a)
that the CV curves are nearly straight lines and all the loops enclose
very small areas (resistive behavior). With increasing scan rates,
only small changes in loop area were found. After filling the region
between the electrodes with the first electrolyte (KOH solution), a
large increase in current was observed and the graphs exhibited
nearly rectangular shapes, indicating capacitive behavior (Fig. 8b).
CV curve areas were progressively bigger with increasing scan
rates. After removing the KOH electrolyte and drying (Fig. 8c), the
CV curves again showed nearly straight lines and the loops
enclosed very small areas, similar to those seen in Fig. 8a (pristine
p-SC). The small areas are due to the ions available in the unreduced
portion which lies between the “fingers” formed by the laser-
reduced (rGO) conducting portion. The fabricated p-SC was then
tested with NaCl electrolyte, and the obtained CV curves (Fig. 8d)
illustrated an increase in the current as the scan rate was increased.
The CV curves for both KOH and NaCl electrolytes exhibited nearly
rectangular shape, without any peaks, indicating that the p-SCs
exhibited capacitive behavior due to the presence of rGO. These
findings reveal that the u-SCs exhibit electric double-layer capaci-
tance and can be used with different electrolytes without changes
in the internal morphology.

The CV testing was performed at several scan rates and the areal

capacitance (C, in F/cm?) was calculated from equation (1) [49]:

idv

o [ AvdV (1)
where i is the current (A), v is the scan rate (V/s), 4V is the potential
window (V) and A is the area of interdigitated electrodes (cm?) for
u-SCs on free standing GO paper. Using data from the CV curves
measured at various scan rates, the areal capacitance of p-SCs was
calculated for each situation, and the results are shown in Fig. 9. At
the low scan rate of 10 mV/s, the areal capacitances (in pF/cm?)
were 0.08 for pristine u-SCs without any electrolyte, 9.3 with KOH
electrolyte, 0.05 after removing the KOH solution and drying, and
13.8 with NaCl electrolyte. For the higher scan rate (600 mV/s), the
11-SCs displayed areal capacitances of 3.1 and 3.5 pF/cm? with KOH
and NaCl electrolytes, respectively. The enhanced electrochemical
behavior in CV measurements, especially at low scan rates, can be
attributed to the ions provided by the electrolytes. The calculated
areal capacitance from CV curves (13.8 uF/cm? using 1M NaCl) is
higher than for other reported SCs devices. For example, Gao et al.
reported flexible solid-state graphene SCs with a capacitance of
12.4 pF/cm? [50]. Soam et al. achieved 13 pF/cm? areal capacitance
by using on-chip p-SCs based on silicon nanowires [15].

Another crucial parameter for the performance of p-SCs in
practical situations is the long-term cycling stability. Cycling per-
formance testing of p-SCs was carried out by repeating the CV
curves for 3400 cycles at a scan rate of 90 mV/s (in 1 M NaCl elec-
trolyte). One can observe in the results shown in Fig. 10a that after
an initial loss in the first cycles, a negligible loss in the capacitance
value of interdigitated p-SCs occurs during the remainder of the
test. The capacitance retention tends to a steady state after about 62
cycles, with the CV curves keeping the same shape and maintaining
95.1% of the initial capacitance value, showing excellent stability.

The electrochemical charge/discharge performance of the p-SCs
was analyzed in the potential range from 0 to 0.8V (vs. Ag/AgCl)
using two electrode systems in 1 M NaCl electrolyte (Fig. S1: Sup-
porting information). The shapes of the charge/discharge curves
gradually become more triangular for higher currents, indicating
that the electrode has nearly capacitive characteristics with elec-
trochemical reversibility. EIS measurements were conducted to
investigate the charge transfer and ion diffusion characteristics of
u-SCs. The EIS measurements were performed in a two-electrode
system using a signal with amplitude of 5mV over a frequency
range from 0.1 Hz to 100 kHz. Fig. 10b shows the Nyquist plot for p-
SCs in 1 M NaCl electrolyte. In the high frequency region, the value
of the intercept at the real axis (Z') represents the equivalent series
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Fig. 8. CV curves of u-SCs at various scan rates in different electrolytes. (a) Pristine p-SCs (without electrolyte), (b) KOH electrolyte, (c) after removing the electrolyte and drying, (d)
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Fig. 9. Areal capacitance of pu-SCs (with and without electrolytes) as a function of the
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resistance (Rs ~2 Q), including the ionic resistance of electrolyte,
internal resistance of substrate and active material, and contact
resistance at the active material/current collector interface [51,52].
The semicircle across high and mid-frequencies is attributed to the

charge-transfer resistance (Rc) at the interface between the inter-
digitated electrode and the electrolyte solution. The Nyquist plot
for the p-SC shows a small R value (~6 Q), another indication of the
good electrochemical performance.

Table 1 shows published results of measurements performed by
other authors on pu-SCs/SCs fabricated by direct laser writing on GO/
carbon based film sheets/papers. The results obtained in this work
are also included in the last row of the table. Direct comparisons are
difficult due to the different materials, dimensions, electrolytes,
testing conditions and properties reported.

4. Conclusions

We have fabricated pu-SCs via the mask-free method by direct
laser writing on GO paper. By using a pulsed UV laser, the reduction
of GO paper generated high-quality rGO in thin conducting lines,
which could be drawn to form electrodes without the need for
additional operations. The technique is fast, flexible and cost
effective, not requiring any masks, photolithography, transfer and
post-processing, chemical treatments, controlled atmospheres,
vacuum systems, high temperature treatments or stringent clean
room operations. The thin GO paper is very flexible and easily
foldable, opening the possibility for increasing volumetric power
density. These characteristics are also compatible with emerging
applications in foldable and wearable devices. The open, layered
structures in the laser-treated regions of GO paper are well-suited
for ionic and electronic exchange, with a highly increased avail-
ability of electrochemically active sites/interfaces. The fabricated p-
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Fig. 10. Long-term cycling stability in NaCl electrolyte and (b) Nyquist plot of fabricated p-SCs tested in NaCl electrolyte.
Table 1
Comparison of published results from direct laser writing on GO/carbon based films/sheets/papers for fabrication of u-SCs/SCs and their electrochemical performance.
Type of laser Laser parameters (power: P; scan speed: s; Film/paper/electrode Electrolyte Capacitance/capacitive retention of SCs/p- Ref.
wavelength: A) thickness SCs
CO;, laser P=2.4W s=30% max. hydrated GO films 1M NaySO4/1 M TEABF4  0.51 mF/cm?; 80% (first half hour) and 50% [29]
(~22 um) in CH5CN (period of 8 h)
CO, laser P=3.6 W; s=88.9 mm/s; A=10.6 um polyimide film (127 pm) 1M H,SO04/BMIM-BF4 4mF/cm? (20 mV/s) [53]
CO, laser P=48W polyimide film (127 pm) PVA/H,SO, 9.11 mF/cm? (0.01 mA/cm?) [54]
CO,, laser P=2W GO film (~8 um) polymeric gel electrolyte 82—107 F/g (0.1—1.0 mA/cm?); 95% (2000 [55]
cycles)
CO; laser P=4.8—5.2W; A=10.6 um mushroom-derived PVA/H,S04 gel 12.92 F/cm?; 90% (1000 bending cycles)  [56]
carbon (7 pm) electrolyte
CO, laser - polyimide film/MnO, gel electrolyte 1.7 F/cm? (10 mV/s); 84% ( 10,000 cycles [12]
Nanosecond UV~ P=1-2W; s=5m/s; A=355nm PET film/Ni/graphene LiCI-PVA gel electrolyte 3.9 mF/cm? (0.25 mA/cm?) [57]
laser oxide
Infrared laser P=5mW; A=788 nm GO film (~7.6 um) 1 M H,S04 4.04 mF/cm? (1 A/g); 97% (10,000 cycles) [58]
Nd:YVO,4 pulsed P =244mW; s=2.5mm/s; A=355nm ultra-thin GO film 0.1 M Na,SO4 106 puF/cm? (0.3 V/s); 92.5% (5000 cycles) [32]
UV laser (2.2 um)
Nd:YVO,4 pulsed P=310mW; s=2.0mm/s; A=355nm GO thick film (4.0 um) 0.1 M NaOH 2.40 pF/cm? (50 mV/s); 93.1% (3500 cycles) [33]
UV laser
Nd:YVO,4 pulsed P =325mW,; s =2.0mm/s; A=355nm GO paper (10 um) 1M Nacl 13.8 uF/cm? (10 mV/s); 95.1% (3400 cycles) This
UV laser work

SCs reached an areal capacitance of 13.8 uF/cm? and displayed long-
term charge cycling stability, with 95.1% capacitance retention after
3400 cycles. The devices could be used with different electrolytes
without any structural damage or defects from irreversible re-
actions. This study provides new data into the reduction process of
GO paper using a technique which opens doors to a high degree of
flexibility and control in the fabrication of graphene-based devices.
Direct laser-assisted reduction of GO paper could be used to pre-
pare structures having different shapes, containing devices with
controlled concentrations of oxygen functional groups for specific
applications.
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