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In this work we present graphene-based in-plane flexible interdigitated micro-supercapacitor devices
fabricated through direct laser writing onto ultra-thin graphite oxide (GO) films. The fabrication route is
simple, fast, additive-free, mask-free and cost effective. This involves direct micro-writing of reduced
graphene oxide (rGO) by a pulsed UV laser on a very small area (1.14 cm?). The fabricated micro-
supercapacitor contains nineteen pairs of rGO electrodes separated by the unreduced portion of the GO
film. The single laser patterned rGO electrode presents low resistivity, while the unpatterned portion is
non-conducting. Under the optimized laser parameters the 2.2 um ultra-thin GO films were completely
and uniformly reduced. The electrochemical measurements showed that the micro-supercapacitor,
packed in a glass cavity, and in the presence of a liquid electrolyte have a capacitance nearly 288%

higher (288.7 mF cm™>) compared to the as-fabricated device (0.36 mF cm™). The as-fabricated micro-
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unreduced portion of GO which plays a crucial role. Furthermore, the cycling stability of the as-
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1. Introduction

Among the devices developed for better energy harvesting and
storage, electrochemical supercapacitors have been extensively
studied and proved to be an excellent option for energy
storage.'” Electrochemical supercapacitors have attracted vast
attention due to higher power density and longer life cycle
compared to batteries, and higher energy density than
conventional dielectric capacitors.* The development of high
performance electrical energy storage systems has been a major
concern for industries as well as societies for the last few
decades.”” The supercapacitors store and release energy based
on either the accumulation of charges at the interface between
electrodes and electrolyte (electrical double layer capacitors -
EDLC) or on fast and reversible faradic redox reactions (pseu-
docapacitors), or both, mainly depends on the nature of the
active material used.® Recently, intensive efforts are made for
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fabricating high performance supercapacitors having elevated
energy and power density with long-time cycle stability.***

Nowadays, the recent technological trend of using flexible/
wearable electronic devices has increased the need of micro-
power sources and small-scale energy storage devices.”*™*
Flexible micro-electronic systems, including rolled-up, bend-
able displays, wearable multimedia devices, etc., require
extremely thin and flexible power supplies.’*?® Thus, flexible
electrochemical supercapacitors have been considered as one of
the most promising contenders compared with conventional
energy storage devices due to their flexibility, lightweight, and
low-cost. Development of new electrochemical supercapacitors,
also known as micro-supercapacitors, aroused special attention
due to their possible integration into miniaturized portable
electronic devices such as micro-electromechanical systems or
micro-robots, and act as micro power sources for energy
harvesting.**>*

Recently, different research groups have made consider-
able contributions to the fabrication of micro-super-
capacitors and other devices by carbonization of polymer
sheets by laser,******” 3D nanofabrication of different nano-
structures on various substrates by direct laser writing*>*
and printing through lithographic processes.***® These
methods suffer from various disadvantages like lack of fine
patterning, constraints on the substrate or fabrication speed.
Also, in the above contributions, the laser technique used is

RSC Adv., 2016, 6, 84769-847/6 | 84769
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simple and consistent in delivering the concentrated thermal
energy in the precise direction for diverse micro patterning.
Instead of using polymer over different substrates, graphite
oxide can be used directly and converted into graphene,
which has unique properties of large surface area, excellent
stability, high Young's modulus and high thermal/electric
conductivity.>*® There has been an ongoing trend to
employ graphene materials to replace the usage of polymer
sheets on various substrates for energy conversion and energy
storage devices, to incur lower costs and environmental
benignity of these materials. Lasers are applied for the
fabrication of micro-supercapacitors, wherein the role of the
laser has been to locally reduce graphite oxide and induce
morphological changes leading to porous structures to
enhance the accessibility to ions.***** The direct laser writing
technique has been proposed and appears to be one of the
promising approaches for micro devices fabrication.
Compared with the conventional printing and lithographic
approaches, the direct laser writing approach provides
higher flexibility for arbitrary graphene patterning via non-
contact and mask-free fabrication processes, which highly
reduces the manufacturing costs. Several groups fabricated
micro-supercapacitors using different sources of carbon
and distinct techniques, like laser irradiation and UV
patterning. Ajayan's group® reported fabrication of micro-
supercapacitors on thick hydrated GO film (22 pm) by
reducing the GO film into interdigitated electrode through
the use of CO, laser. Tour's group®” used thick polyimide films
(0.005") for fabrication of micro-supercapacitors by trans-
forming into porous graphene also through CO, laser system.
In turn, Mullen's group* reported fabrication of micro-
supercapacitors using lithography involving several process-
ing steps like masking, pattering and etching of graphene
oxide surface and fabrication of the interdigitated patterns
through the deposition of gold.

In this work, we demonstrate an improved method for one-
step fabrication of micro-supercapacitors by facile direct laser
writing induced reduction of ultra-thin and free-standing GO
film. Also, the direct laser writing seems to have vast potential
applications for quick and scalable synthesis of impurity-free
graphene patterns on GO film for interdigitated electrodes.
More importantly, direct laser writing achieves single-step
micro-supercapacitor fabrication of the graphene electrode
patterns by combining both graphene reduction and patterning
steps, resulting in a significantly enhanced efficiency.

2. Experimental section
2.1 Materials

Potassium permanganate (KMnO,, 98%), hydrochloric acid
(HCl, 37%) and sulfuric acid (H,SO, reagent grade, 95.0-98.0%)
were acquired from Synth (Sao Paulo-Brazil). Graphite flakes
(Graflake 99580, 99.50% purity) were provided by Nacional de
Grafite, Brazil. All other chemicals used were of analytical grade
or better quality and used without further purification. Aqueous
solutions were prepared with ultrapure water (>18 MQ cm) ob-
tained from a Milli-Q Plus system (Millipore).
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2.2 Synthesis of graphite oxide (GO) solution

Graphite oxide was synthesized employing modified Hummer's
method.” Briefly, 1.0 g of graphite flakes were mixed into
arounded bottom flask containing 100.0 ml of 98.0% H,SO, under
stirring and with controlled temperature (<40 °C). Afterwards, 2 g
of KMnO, was slowly added to the reaction, generating a charac-
teristic green color attributed to the oxidizing agent, dimanganese-
heptoxide (Mn,0;).*** When the oxidation process was over, 250
ml of ultra-pure water (in ice form) was added and, subsequently,
poured 4.0 ml of 30% H,O, to deplete residual KMnO, present
during preparation. The resulting solution was centrifuged and
washed with deionized water and 5% HCI (v/v) solution. After this,
several washes using deionized water were made to remove acidic
species. Finally, GO dispersed in water was purified by dialysis
using cellulose tubular membrane for one week for removal of
remaining salt impurities. The resulting suspension of GO having
concentration of 1.7 mg ml~ ' was stored in this form.

2.3 Preparation of ultra-thin GO free standing thin film

The above prepared GO solution was vacuum filtered through
a 47 mm diameter Millipore (type HA) membrane with a pore
size of 0.45 pm. For a typical free standing and ultra-thin GO
film, 50 ml of the dispersion was poured into a vacuum filtra-
tion setup and filtered under low vacuum. The GO thin film was
peeled off from the membrane filter after complete drying in air.
The resulting peeled-off film is free-standing and possesses
flexible nature, being 35 mm in diameter and ~2.2 pm thick,
and was used to fabricate the final micro-supercapacitor device
employing direct laser writing.

2.4 Local reduction of GO film by laser writing

Reduced GO regions were directly fabricated through a laser-
treatment system composed of a computer controlled movable
x,y linear stages with a 40 nm minimum step, z focus adjustment
and a diode-pumped solid-state laser (DPSSL). The GO thin film
was placed on the xy controlled table under the stationary laser
source, and the interdigitated electrodes were drawn through
direct laser reduction of the GO film in air using a Nd:YVO,
pulsed laser (A = 355 nm), with pulse duration of 20 ns, 20 um
minimum spot size, 20 W maximum power using a custom-built
software for pattern design and movement control.

The effects of different laser treatment conditions on the
electrical conductivity of the rGO films were systematically
investigated. Several rGO linear trajectory paths were drawn
through direct laser writing on the GO films with different laser
scanning speeds (at fixed laser power of 244 mW). The mani-
festation of dark rGO lines on the brown GO film after the laser
scanning initially confirmed the reduction of GO.*® In order to
investigate the effect of the laser scan speed, patterning was
prepared using speeds ranging from 0.5 to 5 mm s ', with an
increment step of 0.5 mm s~ '. The effect of laser power, at
constant speed, on the electrodes pattern quality was also
tested. Several rGO electrode lines were drawn on GO film with
different laser power (130, 164, 218, 244, 310, 344 and 376 mW)

at a fixed laser scan speed of 2.5 mm s~ *.

This journal is © The Royal Society of Chemistry 2016
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2.5 Fabrication of micro-supercapacitors

After optimization of the various experimental parameters for
direct laser writing, flexible micro-supercapacitors were
designed and fabricated onto thin, semi-transparent GO films.
The micro-supercapacitor were fabricated with an area of 1.14
cm?® (19 mm length and 6 mm width) on 2.2 mm thin GO films
by direct laser writing. Each electrode consists of 5 mm length,
100 um width (reduced) with uniform linear reduction with
spacing of 400 um (unreduced) between electrodes. The as-
fabricated micro-supercapacitor had 19 parallel pairs of rGO
electrodes, with equal number of conjugated electrodes on each
side. The device contains two rGO contact pads 2.5 x 2.5 mm?>
for electrochemical measurements.

2.6 Sample characterization

The 2.2 um thick freestanding GO films and reduced portions
were characterized using scanning electron microscopy, Raman
spectroscopy, optical microscopy and current-potential (I-V)
measurements. Scanning electron microscopic images were
taken on a FEG microscope from FEI company (Dual Beam FIB/
FEG model Nova 200) using an electron beam current ranges
from 0.4-1.6 nA and 5-10 kV energy. In order to avoid charging
of the insulating GO film, as the one shown in Fig. 1b, a fine
metallic contact was clamped onto one corner of the sample.
Raman measurements were carried out using a spectrometer
with 473 nm laser (NT-MDT NTEGRA Spectra). Optical micro-
scopic studies were carried out on Olympus MX51-F Microscope
under reflectance mode. GO and rGO sheet resistance
measurements and the -V measurements were performed
using a 2636A source-meter (Keithley Instruments, Inc.) by
applying biases from —1 Vto 1 V.

2.7 Electrochemical measurements of flexible micro-
supercapacitor

All the electrochemical measurements were performed using
a two-electrode configuration as it is more relevant for the

Free standing
thin GO film (2.2 pm)

4

GO film surface
— e 1

- = s
gaoet’

B 88iansparent GO fi

Fig. 1 Optical images of: (a) GO solution (1.7 mg ml~! in water) used
for obtaining (b) free-standing, (c) semi-transparent, (d) flexible and
foldable ultra-thin GO film used for fabrication of micro-super-
capacitor device. Inset shows the color changes from brown to black
due to reduction after direct laser writing on GO film. Surface and
cross-sectional SEM micrographs of as synthesized ultra-thin GO film:
(e, f) lower and (g) higher magnification (yellow square in f) of its
surface and (h) cross-sectional view showing film thickness (scale bar
e—g =200 ymand h =5 um).
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concerned practical applications. Areal and volumetric specific
capacitances are measured and reported as they are more
relevant than gravimetric capacitance for micro-scale applica-
tions. Also, thin micro-supercapacitors are used, the gravimetric
capacitance may not be accurate due to the small amount of
material used as sample.*® Hence, we have calculated the areal
and volumetric capacitance of the micro-supercapacitor devices
by considering the total area and volume of the material
between the electrodes. All measurements were performed on
an AUTOLAB modular electrochemical system (ECO Chemie,
Ultrecht, Netherlands) equipped with a STAT 12 module, driven
by Nova (v1.10) software and a computer for data storage and
processing. AC impedance spectroscopy was used to probe the
frequency response of the device. The CV curves of flexible
micro-supercapacitor devices were measured between 0 and 1.2
V with various scan rates in the range of 0.3-1.0 V s~ '. The
measurements were carried out in a 0.1 M Na,SO, aqueous
electrolyte solution at room temperature.

Standard cyclic voltammetry (CV) measurements were per-
formed in order to thoroughly characterize the as fabricated
micro-supercapacitors. The interdigitated micro-supercapacitor
devices were subjected to cyclic voltage sweeps at various scan
rates from 0.3 t0 1.0 Vs~ ' (0.1 Vs~ step) without electrolyte (CI)
and in open air. We observed that the electrolyte/water solution
placed over the micro capacitors was evaporating during long-
term tests, possibly affecting the results, we used four
different conditions for comparative testing: (a) electrochemical
measurements of as-made patterns without any electrolyte (CI);
(b) measurements with 0.1 M Na,SO, aqueous electrolyte
solution (CII); (c) devices placed in a glass cavity, with the cavity
being filled with electrolyte and covered with top glass plate to
prevent electrolyte evaporation during long time electro-
chemical measurements (CIII) and (d) the micro-supercapacitor
in a cavity after removing the electrolyte from glass cavity
(completely dry environment without electrolyte) (CIV). For the
CII tests, we poured the electrolyte on the interdigitated elec-
trodes of the micro-supercapacitor in air. For CIII and CIV tests,
we used a glass cavity of lateral size corresponding to the
dimensions of the micro-supercapacitor and a height of 2 mm.

3. Result and discussion
3.1 Morphological characterization by microscopy

Fig. 1a shows the optical image of GO suspension with
a concentration of 1.7 mg ml™' GO powder in H,O and its
conversion into free standing and ultra-thin GO film (paper)
through vacuum filtration at room temperature (Fig. 1b and c).
The as synthesized GO film is very thin (~2.2 pm thickness;
diameter of 35 mm), of semi-transparent nature, flexible and
foldable (Fig. 1c and d). The free-standing film shows a high
optical transparency (Fig. 1c), and the inset in Fig. 1d shows
that the GO thin film can be locally converted to reduced gra-
phene oxide (rGO) through direct focused laser irradiation.
The brownish color of GO completely changes to dark black
(rGO) after laser irradiation, the reduction process being
later confirmed by further morphological and electrical
characterizations.

RSC Aadv., 2016, 6, 84769-84776 | 84771
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Fig. 1e-h shows SEM micrographs of as synthesized free-
standing GO thin film prepared from the GO solution (Fig. 1a)
at different magnifications. The as synthesized GO film consists
of many compactly packed plane thin sheets with lateral
dimensions of 200-500 pm and contains wrinkles on the
surface, probably due to the influence of attached functional
groups on the surfaces. The cross-sectional view shows the
thickness of 2.2 um for as synthesized GO thin film (Fig. 1h).

3.2 Effect of direct laser writing: electrode width and degree
of reduction of GO film

Fig. 2 shows the optical micrographs of locally processed GO
surfaces at different laser scan speed and laser power. The laser
scanned regions presume a darker coloration and could be
clearly distinguished from the unmodified GO film. Fig. 2a-f
show clear morphological changes for different laser scan
speeds. At lower laser scan speeds (=1 mm s~ '), strong ablation
of GO film occurs resulting in partial or complete removal of the
GO film instead of its reduction into linear rGO patterns. Above
1.5 mm s~ " laser scan speed, visible dark electrode patterns are
seen on the GO film. From 1.5 to 5 mm s~ ', the width of the
dark lines decreases continuously (Fig. 2b-f), and, in general,
the lower the laser scan speed, the better is the contrast between
processed and non processed areas. Higher laser scan speed as
well as lower seems not to be favorable for the complete
reduction of GO films. At high speeds GO films are unable to get
sufficient thermal energy from laser source to convert into rGO,
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Fig. 2 Optimization of finger type electrode width on GO thin film by
direct laser writing using various laser scan speed at constant laser
power (244 mW): (@) 1.0 mm s, (b) 2.0 mm s, (c) 2.5 mm s 2, (d) 3.0
mm s7%, (e) 4.0 mm s~ and (f) 5.0 mm s~% (g) graph showing the
relation between direct laser scan speed and finger electrode width on
GO thin film. Scale bars = 100 um. Optimization of finger type elec-
trode width on GO thin film by direct laser writing using various laser
powers at constant laser scan speed (2.5 mm s™3): (h) 130 mW, (i) 244

W, (j) 310 mW and (k) 376 mW; () graph showing the relation
between laser incident power and finger electrode width on GO thin
film (scale bar = 100 um).
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and therefore less electrical conductivity. The characterization
performed on these samples showed that the optimized laser
speed for electrode patterning was 2.5 mm s~ ', with a 100 um
rGO line width. Fig. 2g shows the variation of line width with the
laser scan speed.

It can be noticed from Fig. 2h-k, at lower laser output
powers, the patterning is not very clear, with the GO being
probably only partially reduced (Fig. 2h). On the other hand, at
very high laser powers, some of the scanned region gets ablated,
leaving an enlarged and irregular micro-pattern (Fig. 2k). For
higher laser powers, the rGO line width on GO film is neither
constant nor uniform. The optimum laser power for the
reduction of a 2.2 um thick GO thin film was found to be 244
mW, with a complete and uniform reduction without disrup-
tion of the film. Fig. 2i presents the nearly linear variation of
rGO line width with laser power for powers till 344 mW. At
higher laser powers, the width increases abruptly due to the
onset of the laser ablation process and the lateral heat dissi-
pation from the illuminated region.

3.3 Electrical measurements: I-V measurement for laser
patterned lines

The I-V curves presented in Fig. 3a show the variation of current
with applied voltage through rGO lines obtained at different
laser scan speeds. The resistance (or conductivity) values
measured using two-point probes for 5 mm long laser-patterned
lines are shown in Fig. 3b. These measurements indicate
a linear dependence between the current and the voltage drop,

H

——GO thin paper

0.5mm/s —«-Resistance
—s— Conductivity

Resistance (M Ohm/cm)
PN TSP S S R S
(woys) AyAonpuod

0.0 05 10 15 20 25 30 35
Voltage (V)

Laser scan speed (mmls)

Fig. 3 Electrical conductivity measurement of finger electrodes on
GO film for micro-supercapacitor device (a) /-V measurement of
different finger line drawn on thin GO film at different laser scan speed
(0.5 to 5.0 mm s7%). (b) Relation between the electrical properties
(resistance/conductivity) and the laser scan speeds for finger elec-
trodes pattern on GO thin film. Schematic drawing (c) and optical
image (d) of the micro-supercapacitor fabricated in this work. Inset
shows the device inside glass cavity; (e) optical image of rGO and GO
patterns on GO film for interdigitated electrode (scale bar = 1 mm).
Inset presents a higher magnification image of the yellow square area
(scale bar = 200 pm).
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pointing the Ohmic behavior of the conducting rGO lines.* In
contrast, the GO thin film shows nearly insulating behavior with
high resistance (>5 x 10° Q em™'). The conductivity of film
increases gradually as the scan speed is decreased from the
highest value (5.0 mm s™'), reaching a local maxima at an
optimized scan rate of 2.5 mm s~ *. This improvement of the GO
reduction can be attributed to higher laser irradiation dose
received by the sample resulting in higher local temperature
and wider lines. Further decrease in the scan rate down to 1.5
mm s~ results in a fast drop in the film conductivity probably
due to increased overheating of sample and film damage due to
ablation as clearly seen in Fig. 3a and b. Fig. 3b concludes that
the scan rate must be carefully tuned in order to optimize the
electrical parameters of the rGO film.

3.4 Micro-supercapacitor: interdigitated patterned electrode

Fig. 3c shows the schematic drawing and the optical image of an
as-fabricated micro-supercapacitor on a free-standing film. The
fabricated micro-supercapacitor device (Fig. 3d) has 19 mm
long and 6 mm wide electrodes, with contact pad areas of 6.25
mm?®. The optimized laser parameters used are: power = 244
mW, scan speed = 2.5 mm s~ ', laser pulse frequency = 0.9 kHz
and laser fluence (pulse energy per surface area) = 2.5 x 10™*]
mm 2. The optical image in Fig. 3d shows that each finger like
electrode has 5 mm length, with uniform linear reduction. The
inset of Fig. 3d shows the optical image of micro-supercapacitor
packed in glass cavity with open glass cover. The width and
spacing between interdigitated electrodes are 100 and 400 pm,
respectively (Fig. 3e).

Fig. 4a shows the SEM image of the rGO and unreduced GO
film. The darker area in the left side corresponds to rGO (inset
shows the wrinkles on the rGO surfaces), and the lighter area

Electrodes

Contact
pads

1601 D+G
2D 2950
2720

Intensity (a. u.)

13581

v T v T v
500 1000 1500 2000 2500 3000
Raman shift cm™)

Fig.4 SEM micrographs of: (a) rGO/GO interface (scale bar =200 um;
inset scale bar = 10 um) and (b) macro-contacts made using Au wire
and Ag paste (scale bar = 1 mm). (c) Raman spectra of GO and rGO
patterns used for the fabrication of micro-supercapacitor device.
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towards the right side to unmodified GO film. As the GO can be
easily converted to rGO by laser irradiation, it enables rGO-GO-
rGO micro pattern for micro-supercapacitor devices to be
produced in a scalable and simple manner by laser-patterning
of GO thin film.*® The active rGO electrode material, formed
using direct local laser heating, is apparently less uniform
probably due to porosity that could be induced by the gases
originated by the decomposition of the oxygenated functional
groups (epoxy, hydroxyl, carboxyl and carbonyl groups) along
with water vapor produced. For reduction of GO film through
laser, the presence of oxygen amount (at%) has been measured
by EDX for laser written electrodes on GO film with different
laser speed and laser power. At 5.0, 4.0, 3.0, 2.5, 2.0 and 1.0 mm
s~ " laser speed, the oxygen at% was 22.3,17.7,12.1, 8.9, 8.4, 7.9,
respectively (at fixed laser P = 244 mW). The different laser
power such as 130, 244, 310 and 376 mW shows the 33.4,9.1, 8.3
and 7.2 at% of oxygen, respectively (at fixed s = 2.5 mm s~ '). The
both observation confirms the more removal of oxygen con-
taining functional groups at lower scan speed and higher laser
power. The rGO has a negative thermal expansion coefficient, so
local laser heating could make the treated area shrink, which in
turn could lead to defects in the linear shaped graphene
patterns on the GO film.** Fig. 4b shows the contact pad which
was connected to Au wire with the help of silver paste.

Raman spectroscopy is a powerful tool for characterizing the
structural properties of sp> carbon materials and can be helpful
to reveal the quality of synthesized sample in terms of number
of graphene layers, degree of defects and varying doping
levels.*> The Raman spectra of GO thin film and laser reduced
GO as used for micro-supercapacitor are shown in Fig. 4c. The
Raman spectrum of the GO and rGO shows two characteristic
peaks near ~1351 and ~1595 cm ™' that correspond to the D
and G bands, respectively.**** The weak and broad peak around
2720 em™ " corresponds to 2D band in GO and rGO samples.®®
The peak at 1351 cm ™! corresponds to the Raman-inactive A,
in-plane breathing vibration mode, and is related to the defects
and disorder present in graphitic layers. The G-band assigned to
the Raman-active E,, mode corresponds to the stretching
vibration in the basal-plane of graphite, and is generally used to
identify well-ordered materials.*® The ratio between the inten-
sities of D and G bands, Ip/Ig, is an important factor for eval-
uating the amount of structural defects present in graphitic
materials.>*” The I,/I ratio slightly increases for rGO from 0.89
to 0.92, which may be due to the creation of defects and porosity
during laser induced thermal processing. This can also be
attributed to a decrease in the size of reduced and patterned
graphene domains and defects creation by gases escaped from
the material during processing.*® The Raman peak at 2950 cm ™~
is associated with a D + G combination mode and is also
induced by disorder.”” The intensity of D + G band in rGO is
higher than the GO which also confirms defective nature of rGO
as compared to GO thin film.

3.5 Electrochemical performance

The interdigitated micro-supercapacitor was subjected to cyclic
voltage sweeps at various scan rates without electrolyte (CI) and
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Fig. 5 CV and different capacitances with scan rates: (a) CV and (b)
corresponding capacitances at different scan rate for as fabricated
micro-supercapacitor without any additional electrolyte (Cl); (c) CV
and (d) corresponding capacitances at different scan rate for as
fabricated micro-supercapacitor with 0.1 M Na,SO4 electrolyte (CIl —
electrolyte poured drop wise on surface of micro-supercapacitor
device).

in open air as shown in Fig. 5a. The gravimetric, areal and
volumetric capacitances are plotted in Fig. 5b as a function of
the scan rate, shows decreasing values as the scan rates get
higher. The ions in the unreduced GO and free charges in
reduced rGO contribute to the small values of capacitance, since
no electrolyte is used. The rounding off of the voltamogram
edges and the decrease in capacitance at high scan rates is due
to the easy movement of ions already present in unreduced GO,
between the interdigitated electrodes. The maximum values of
capacitance for CI case, calculated at 0.3 V s~ ' scan rate, are
0.078 uF mg™ ', 0.19 pF cm™ > and 1.12 mF cm > corresponding
to gravimetric, areal and volumetric capacitance, respectively.
After pouring a small amount of liquid electrolyte on the
interdigitated micro-supercapacitor device (CII), its volumetric
capacitance get increased by more than three orders of
magnitude compared to CIL. Fig. 5¢ and d represent the CV
measurements in the electrolyte and the corresponding capac-
itances, respectively. In this case, the calculated values, at the
same scan rates (0.3 Vs~ '), are 15.6 uF mg ™, 49.5 uF cm ™~ and
225 mF cm™® for gravimetric, areal and volumetric capaci-
tances, respectively.

The above tests for CII were performed in open air at room
temperature, in which the liquid electrolyte slowly evaporates
and the concentration of electrolyte ions gets on increasing with
time, affecting the performance of micro-supercapacitor and
causing a distortion in the shape of the CV curves for longer
measurement times. Thus, for longer term tests, the device was
placed in a rectangular glass cavity with a lid (CIII) to prevent
the evaporation of electrolyte and the as registered CV curves
were shown in Fig. 6a. These measurements show larger area
confined under the CV curves compared to results obtained in
tests made without using glass cavity (CII). The values
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corresponding capacitances at different scan rate for as fabricated
micro-supercapacitor with 0.1 M Na,SO,4 electrolyte filled in glass
cavity (CllI); (c) CV and (d) corresponding capacitances at different
scan rate for as fabricated micro-supercapacitor after removing
electrolyte from glass cavity (CIV).
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calculated at 0.3 Vs~ " scan rate are 33.26 uF mg™ ", 106 uF cm >

and 479 mF cm > for gravimetric, areal and volumetric capac-
itances, respectively (Fig. 6b). These capacitances are much
more stable due to the non evaporation of liquid electrolyte
during longer time measurements. Consequently, the concen-
tration of ions in electrolyte is uniform during the CV
measurements, and equal number of ions can move between
the interdigitated electrodes.

The micro-supercapacitor fixed in a glass cavity was tested
after complete drying of the electrolyte from the surface (glass
cavity contains only micro-supercapacitor device - CIV) and we
noticed that it shows much higher capacitance compared to the
CI case (without electrolyte). The CV measurements and corre-
sponding capacitances are shown in Fig. 6c and d, respectively.
At 0.3 V s ! scan rate, the measured gravimetric, areal and
volumetric capacitances were 0.2 uF mg ™", 0.9 uF cm™ > and 4.2
mF cm | respectively. These values are higher as compared to
CI (Fig. 5b) probably because some electrolyte ions were
diffused inside the rGO finger electrode during the CIII CV
measurements. The diffused ions inside the defective and
porous structure thus enhanced the capacitance as measured in
the CIV case. The comparisons of volumetric capacitances
measured in different conditions are shown in Fig. 7.

Electrochemical Impedance Spectroscopy (EIS) is a very help-
ful technique for investigating electrical capacitance and obtain-
ing complementary information about the electrical behavior of
materials. The most extensively used plot for EIS analysis is the
Nyquist plot. The plot represents the frequency responses of the
electrode-electrolyte system for real (Z') and the imaginary (—Z")
components of the impedance. Fig. 8a shows the EIS graph ob-
tained using 0.1 M Na,SO, electrolyte solution in the frequency
range from 0.1 mHz to 100 kHz with and ac-voltage amplitude of

This journal is © The Royal Society of Chemistry 2016
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Fig. 8 (a) Nyquist plot and (b) long-term cycling stability of fabricated
micro-supercapacitor device.

10 mV (CII configuration). The intersection with the real axis at
high-frequency regime represents the solution resistance and is
related to the charge transfer between the electrode materials and
electrolyte.”* It is seen that the micro-supercapacitor shows very
low solution resistance. The charge-transfer resistance (R.) can be
measured from the diameter of the semi-circle region near the
real axis (inset of Fig. 8a).>>** Here, the semi-circle appearing at
the high frequency region has very low diameter, indicating a low
charge-transfer resistance of ~1.4 Q.

This journal is © The Royal Society of Chemistry 2016
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Numerous cycles are to be measured to assess the stability of
the supercapacitor electrodes. The cycling stabilities of micro-
supercapacitor devices were measured by using CV technique
at a constant scan rate of 0.6 V s™'. To calculate the cyclic
stabilities of as fabricated micro-supercapacitor, up to 5000
consecutive CV cycles were performed, as shown in Fig. 8b. The
specific capacitance retention of micro-supercapacitor is stable
for over 5000 cycle. It remains stable near 92.5% of its
maximum value from ~65 cycles to the end of testing at 5000
cycles, suggesting excellent stability. The linear interdigitated
electrode with GO-rGO-GO structure was found to exhibit good
cyclic stability, compared to the existing thin film super-
capacitors.” The long cycling stability indicates that the fabri-
cated rGO interdigitated electrodes help the ion transfer inside
the rGO and GO interfaces. It is important to emphasize that
a good cyclic stability for such devices is the main attribute
needed for practical applications.

4. Conclusions

In this work we present a fabrication method that provides the
transfer-free fabrication of linear graphene patterns on insu-
lating GO thin film with high conductivity (5.2 S cm™"). The as-
fabricated micro-supercapacitors were tested with/without the
presence of liquid electrolyte and in closed/open atmosphere
for investigating their capacitive behaviour. The volumetric
capacitance values of these devices increases significantly in the
presence of the electrolyte when compared with bare measure-
ments (no electrolyte), as expected. The micro-supercapacitor
shows excellent stability without distortion and degradation
even after 5000 cycles and a retention capacitance of 92.5%,
which also indicates excellent stability. Considering the high
simplicity, flexibility, and reliability in producing graphene
patterns, the direct laser writing method can open a door for
fabricating graphene pattern having a variety of sizes and
shapes for advanced graphene-based devices. Also, these results
indicate that this scalable and facile fabrication technique
proves to be promising for application in integrated energy
storage solid-state flexible micro-devices fabrication.
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