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S1. A Brief Review on the Reduction of Graphene oxide

Graphene oxide sheets are insulating in nature and contain oxygen functional groups. To get
graphene from GO, reduction of the oxygen functional group is required and the graphene
obtained from reduction is also referred as reduce graphene oxide [1]. There are two major

routes for reduction of GO: chemical and thermal reduction.
1.1 Chemical reduction of Graphene oxide

Chemical reduction is solution-based procedure of reducing graphene oxides and can be used
for making large scale quantities. Normally in this process GO is dispersed in water for
making homogenous suspension to facilitates the efficient reduction of individual sheet. GO
containing different oxygen functional groups bonded to the edge and basal plane are reduce
by partially restoring the aromatic structure of graphite. This reduction occurs due to different
chemical reactions depending upon the chemicals used. As GO is converted to rGO, it settles
down to bottom due to hydrophilic nature and is further cleaned from impurities [2].
Different types of chemical used to reduce GO include phenyl, sodium borohydride,
hydrazine hydride, hydrazine, glucose, ascorbic acid, pyrrole, hydroquinone, amino acid,

hydroxylamine, strong alkaline solution, and urea. Although the chemical reduction is
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efficient process for reducing the GO, but due to use of chemicals it is consider as non-eco-

friendly and hazardous for nature and at the same time it is time consuming process [3, 4].
1.2 Thermal reduction of Graphene oxide

Alternate to chemical reduction is thermal reduction in which GO is reduced by agitating the
oxygen functional group with the help of heat sources. Thermal source, exfoliate and reduce
GO by inducing pressure at graphene oxide layer, consequently removing oxygen groups by
generating CO, and CO [5]. In thermal annealing normally GO powder is exposed to high
temperature in air or inert atmosphere. At high temperature functional groups are removed
while at the same time exfoliation occurs and high surface is generated. Thermal annealing
some time also introduces defects which can largely affect the properties. Also extended time

is required for complete removal of functional groups for GO surface [6].

Apart from direct thermal annealing microwave radiations are also used for reduction of
GO sheet, microwave radiation can rapidly increase the temperature up to 400 centigrade in 2
seconds and instantly converting GO into rGO. During reduction process volume expansion
at large scale is observed which indicates the simultaneous exfoliation and reduction. The
microwave reduction is rapid and fast reduction procedure and can be used for large scale

reduction of GO [7].

LASER is also another effective method for producing GO at large scale. Exposing laser
beam to GO can cause local heating at exposed part ultimately breaking the oxygen bonds
and exfoliating the sheets along with storing the graphitic structure of graphene. The whole
process occurs in two steps, firstly breaking of carbon oxygen bonds and secondly restoring
of the sp2 structure of graphene. The efficient and desirable reduction process mainly
depends upon the laser parameter and environment. GO can be reduce with laser radiation in

different forms including films, fibers and powder [8, 9].

Wang et al. reported reduction of GO by using gas phase hydrazine reduction and its
supercapacitive performance. GO was placed in vacuum desiccator. While filter paper wet
with hydrazine was placed near to GO powder. In 72 hours GO was reduce with the assistant
of hydrazine vapors. The resulted reduce powder was tested in symmetric device using 6 M
KOH electrolyte. Charge discharge was used to calculate the capacitance, energy density and
power density. Total capacitance calculated was 205 F/g with minimum energy density of 28

Wh/kg. 90% of the capacitance was retained till 1200 charge-discharge cycle [10].



Zhu et al. reported very simple method of reduction of graphene oxide by using
commercially available microwave oven, GO powder was placed in microwave and exposed
to microwaves of 700W. In 1 minutes GO was immediately converted to rGO with the
release of carbon specious with very large volume expansion. rGO powder was assembled as
an electrode and tested in symmetric system. Cyclic voltammetry and charge discharge tests
are carried out in 6 M of KOH to check super capacitor performance. Capacitance calculate

from charge discharge test was 191 F/g at 150 mA/g [7].

Peng et al. reported reduction of GO by using electrochemical technique and also its use
in supercapacitor. The GO aqueous solution was dropped costed on gold coated polyethylene
terephthalate sheet (PET). Electrochemical reduction was carried out using GO film in
sodium nitrate solution for 4.5 hour at -1.1 V across Ag/AgCl electrode. Reduced GO film
was tested as super capacitor device by making symmetric electrode system. The testing was
carried out using charge discharge test in 1M of NaNOs. Device exhibits capacitance of 128
F/g at voltage window of 1V. The energy and power densities values were 17.8 Wh/kg and
106 KW/kg. Over 14% drop was observed after 3500 cycles [11].

Zhang et al. reported superior performance of chemical activated porous rGO in
supercapacitor. In two step process, the KOH powder was first intercalating in the sheet of
GO and transformed into film. In second step activation and reduction of KOH intercalated
GO sheets was carried out at high temperature in inert atmosphere. Resulting porous rGO
powder was tested in symmetric electrode system. Higher voltage organic electrolyte was
used to check the performance of porous material. Specific capacitance calculated by using
CDC at 10 A/g was 120 F/g. Superior energy density of 26 Wh/kg was observed at same
current density [12].

Luo et al. reported the use of rGO crumble balls in supercapacitor application. Crumble
balls were synthesis by spraying GO sheets using nebulizer into preheated furnace at 8000C.
Due to repaid evaporation of solvent and high temperature, GO was reduce and transformed
into crumble balls. The material was tested in symmetric system by assembling electrode in
coin cell. The specific capacitance was calculated to be 150 F/g at low current density of 0.1

Alg [13].

Niu et al. reported thin microsupercapacitor fabricated from rGO integrated with solid

state electrolyte. Microsupercapacitor were prepared by patterning GO on the gold coated



sheet using photoresists. After patterning insulating GO, electrode was converted to
conductive electrode using hydrazine. To make flexible device, solid state electrolyte of
polyvinyl alcohol and phosphoric acid was prepared and coated on the rGO electrode.
Electrochemical characterization was carried out of above microsupercapacitor using CDC
test. Capacitance calculated was 285 F/g and 90% of capacitance was retained after 1000

cycles [14].

Yoon et al. reported use of non-stacked crumble rGO sheets prepared by hexane in
supercapacitor application. Hexane was added to ethanol dispersed GO which immediately
crumbled the sheets. After evaporation of ethanol and hexane crumbled GO powder was
dried and thermally reduced to get crumbled rGO. Crumbled rGO was tested in two electrode
system using 6M of KOH. The supercapacitor showed capacitance of 236.8 F/g at 1 A/g. This
initial value was stable up to 103.5 % after charge-discharge cycles of 16000 [15].

Sun et al. reported reduction of graphene oxide paper by flame induced reduction and its
utilization as supercapacitor. Vacuum filtration was used to make graphene oxide paper.
Reduction was carried out using flame of commonly available cigarette lighter. Reduced
graphene oxide paper was crushed into powder and assembled in the form of electrode.
Symmetric cell configuration was used to test the material in 2 M of KOH. CDC test carried
out at 1 A/g showed that cell can achieve the capacitance of 175 F/g. Energy density and
power density of the device were 6 Wh/kg. Device retained the capacity up to 91% after 2000
cycles [16].

Yan et al. reported metal template method for preparation of restacking free rGO. GO
was disperse with magnesium hydroxide metal which act as templated and spacer. Sheets
were thermally reduced by slow heating up to 300 centigrade. The reduced GO sheets with
magnesium hydroxide template were washed with HCI to remove the template. Resultant
powder was transformed into electrode and electrochemical performance was evaluated in
two electrode system using 1 mole of sodium sulphate. At 2 mV/s the symmetric
supercapacitor was charged up to 2V which achieved the capacitance of 58.6 F/g. The energy
density calculated was 26.4 Wh/kg while the device showed stable capacitance till 10,000
cycles with no degradation [17].

Li et al. reported the use of zinc oxide nanostructures treated rGO for the supercapacitor

application. GO was precipitated with zinc nitrate solution and heated up to 350 centigrade to



form rGO-ZnO edge composite. In next step ZnO at edges was dissolved in hydrochloric acid
to obtain non-aggregated rGO. Supercapacitive performance of the prepared rGO was
checked in 6M of KOH using CDC method. Specific capacitance of 182 F/g was calculated at
1 A/g current density while cycle stability was observed up to 1000 cycle without losing any
significant capacitance. Energy density and power density calculated were 44 Wh/kg and 2.5
KW/kg respectively [18].

Ali et al. reported the use of hydrazine reduced GO in supercapacitive application. GO
was treated with hydrazine mono hydrate which act as reducing agent. rGO obtained was
tested for supercapacitive performance in symmetric electrode system using 5 M of KOH.
The specific capacitance calculated was 140 F/g at current density of 0.025 A/g while the
energy density calculated was 5 Wh/kg at 0.05 A/g. the device showed stability of 85% after
1100 cycles [19].

Johra et al. reported the use of hydrothermal reduce GO in supercapacitor application.
The hydrothermally rGO was prepared by placing GO solution in stainless steel autoclave
and heating it for 6 hours at temperature of 180 centigrade. Capacitance calculated at 1 A/g
was 367 F/g while the columbic efficiency was almost 100 %. The capacitance value was
stable up to 1000 cycles at 10 A/g current density. Energy and the power densities of the
devices were 44.4 Wh/kg and 40 KW/kg respectively in 1 M of sulfuric acid [20].

Ramadoss et al. reported the concept of thermally reduce GO carbon fabric for using as
supercapacitor application. Flexible fabric of carbon was coated with GO and thermally
reduced at 160 centigrade for 2 hour. Solid state supercapacitor was fabricated using
phosphoric acid and polyvinyl gel. The capacitance calculated from charge and discharge
curve at 0.1 mAcm? was 42 F/g. the energy density of solid state device was 5.8 Wh/kg while
power density reached to 27.7 kw/kg [21].

Shivakumara et al. reported the use of low temperature reduced GO in non-aqueous
electrolyte based supercapacitor. Rapid reduction route was adopted using ambient conditions
to prepare rGO. Two electrodes symmetric system was used to test the supercapacitive
performance in 1 M of Lithium hexafluorophosphate. CDC test showed that device exhibit
capacitance of 140 F/g at current density of 0.2 A/g. The energy density and power density
calculated were 44 Wh/kg and 15 Wh/kg respectively. 84% charge was retained after 3000
cycles [22].



Yang et al. reported the laser reduction of GO in aqueous suspension with different laser
exposing time and energies. GO powder reduce at 30 mJ for 2 hours, was checked for
supercapacitive properties using two electrode symmetric system in neutral and organic
electrolyte. In 0.5 M of sulfuric acid the capacitance was calculate as 141 F/g at current
density of 1.04 A/g. After 2000 cycle this value was reduce to 54.3 F/g, more than 47% of the

capacitance loss was observed [23].

Mohanpriya et al. reported the reduction of GO using focused solar radiation and
utilization in supercapacitor application. TGO was prepared by focusing solar light using
optical lens. Solar radiation immediately convert GO to rGO by raising the temperature up to
200 centigrade. rGO was tested as supercapacitor in two electrode symmetric system using
6M of KOH and 1-Ethyl-3-methylimidazolium tetrafluoroborate ionic liquid.
Supercapacitance device exhibits capacitance of 265.9 F/g in 6M of KOH while for
EMIMBEF, electrolyte the capacitance value was 187.1 F/g. The energy density for KOH was
calculated as 9.23 Wh/kg at 1016 W/kg. While for ionic liquid with high voltage window, the
energy density was increase up to 5 fold. In ionic liquid the stable value of capacitance was

observed till 1000 cycles [24].

kumar et al. used 310 mw laser for the reduction of GO film. GO film was prepared by
vacuum filtration and exposed to 355 mm laser. Low power laser efficiently reduced the
exposed area by irradiating the thick GO film. Reduce GO was checked for the
supercapacitive properties using two electrodes system in sodium hydroxide, sodium suphate
and potassium chloride solution. The capacitance calculated for Na,SO,, NaOH, KCl is 2.23,
2.40, 1.620 pF/cm2 respectively at 50 mV/s. NaOH showed the stable value of capacitance

3600 cycles. No energy or power densities values were reported [25].

Ye et al. developed rGO paper for supercapacitor application. Firstly GO/acetic
acid/hydrogen iodide mixed suspension was prepared for making GO paper. In second step
this suspension was coated on teflon block to prepare the above mentioned paper and transfer
to the oven. Resultant reduced paper was tested for supercapacitor application. Flexible
supercapacitor made with KOH/PVA solid electrolyte showed high areal capacitance of
152.4 mF/cm? at 2 mA/cm? current density. The capacitance was stable up to 96.9% after
10,000 charge discharge cycles. The energy density calculated was 0.13 mWh/cm? while
power density was 9.92 mW/cm? [26].



Zhu et al. reported rGO/nickel foam electrode prepared by ammonia reduction for
supercapacitor. GO was coated inn the nickel foam micropores to prepare rGO/nickel foam
framework. GO/nickel foam framework was converted to rGO/nickel foam framework by
heating at 90 centigrade in the ammonia solution. Two identical pieces of rGO/nickel foam
were used to prepare supercapacitor for testing in two electrode system. The supercapacitor
showed specific capacitance of 230 F/g at current density of 0.33 A/g in 6 M of KOH. 96.7 %

of capacitance was retained after 2000 cycles of charge-discharge [27].

Wang et al. reported low temperature nanocellulose assisted synthesis of rGO and use it
in supercapacitor application. Aqueous solutions of nanocellulose and GO were mixed and
freeze dried to make aerogel which was further annealed to 350 centigrade. The two electrode
symmetric test was carried out to check performance of the material. The capacitance
calculated for the rGO symmetric capacitance was 224 F/g with the 74% of the original value

of capacitance was retained for 1000 cycles [28].

Yag et al. prepared rGO by rapid thermal annealing of 70-80 centigrade/s in inter gas
atmosphere in quartz tube and showed its performance as supercapacitor electrode material.
The two electrode setup was used to evaluate the performance of the material in 1-Ethyl-3-
methylimidazolium tetrafluoroborate ionic liquid. The specific capacitance calculated from

charge discharge test was 279 F/g at current density of 1 A/g [29].

Han et al. reported 3D interconnected reduced graphene oxide prepared by the assistance
of sugar blowing. During synthesis process small amount of glucose was added to the
suspension. Glucose can assist in bubble burst and crosslinking of graphene oxide. Material
was thermally annealed at 1000 centigrade to reduce GO perfectly. Two electrodes setup was
used to test the performance of material in 1M of sulfuric acid. The capacitance calculate at
10 mV/s was 115 F/g. No visible degradation capacitance was observed up to 10,000 cycles
[30].

Solar reduction of graphene is another cost effective green process of reduction of GO.
Normally solar radiation are focused on powder by any converging source ultimately raising
the temperature and reducing the GO to rGO [31]. Also direct sunlight exposure partially
reduce the GO but it takes hour of exposure [32, 33]. Apart from above methods different
other mechanisms are also reported which include flame reduction, hot plate reduction,

soldering iron reduction etc. [34-36]. Although different methods are proposed for reduction



of GO but still more improvement is required like in case of chemical reduction process
mostly graphene is partially restacked in the form of graphite in the water reducing media.
Due to reduce surface area of GO obtained by chemical rout show lower performance as

compared to thermally reduce graphene oxide where high surface area is achieved.
S2: Synthesis of Graphene oxide

Synthesis of graphene oxide (GO) was carried out using improved method by modifying
cleaning process which is essential and crucial step for getting good quality of GO [37]. In
synthesis process 3 g of graphite, 18 g of Potassium permanganate, 360 ml of sulphuric acid,
90 ml of phosphoric acid, 9 ml of hydrogen peroxide and 4000 ml of deionized water were
used. The above process gives advantage of eliminating the emission of nitrogen oxide
which is by product in other synthesis process due to use of sodium nitrate, where as in this
process no sodium nitrate was used [38]. In typical synthesis process sulphuric acid and
phosphoric acid were mixed together in synthesis pot which was placed in ice bath.
Temperature of the mixture slowly came down to ~5 °C. Potassium permanganate was added
slowly to above mixture with the rate of 2g for5 minutes in order to ensure that the
temperature of the pot does not increase rapidly which may lead to explosion or fire. After
addition of potassium permanganate mixture was stirred for 30 minutes and graphite
according to above mentioned amount was added to pot. The temperature of the mixture was
further raised to 50°C and was kept at stirring for 74 hours in order to insure the complete
oxidation of graphite into graphene oxide. After oxidation process hydrogen peroxide was
added to the above suspension in order to stop further oxidation and terminate the reaction
process. At this stage the suspension consists of contaminated graphene oxide, graphite
oxide, by product salts and acid. The above suspension was centrifuge at 8,000 rpm for 20
minutes in order to take out the primary acid followed by one time washing with deionized
water. The graphene oxide mixture was suspended in 1 M of hydrogen chloride in order to
remove the metal particles and then centrifuge at 8000 rpm for 10 minutes in order to remove
contaminated hydrogen chloride. Metal free GO was suspended in 4000ml of water in order
to reduce the traces of acid and was again centrifuge at 8,000 rpm to get clean GO. Cleaned
GO was stored at minus 50 °C and put into freeze drier for one day for drying. Light weight

and clean GO were stored in seal container and stored in desiccator for reduction process.



S3. Geometry of the Fresnel Lens used in this work
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Figure S1: (a) Transformation to thin Fresnel lens from conventional bulky lens.
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view of Fresnel lens.

Table S1: Shows detail specification of Fresnel lens.

Appearance Square
Size 350 X 350 mm
Thickness 3mm
Material PMMA
Focal length 370 mm
Concentrated multiple 1000 times
Magnification times 4-5 times
Optical transmittance 92%

(b) Front



S4 Thermogravimetric Analysis
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S5: Surface area data
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Figure S2: TGA curves of GO and FrGO
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Figure S3: Adsorption isotherm of FRGO



Table 1: BET Surface area, pore volume, pore diameter of FrGO

Starting point 1

End point 2

Slore 0.014092

Intercept 0.000028145

Correlation coefficient 1

Vm 70.822 | [cm3(STP) g'!]
s BET 308.25 [m2 g_l]

C 501.69

Total pore volume(p/py=0.980) 0.8017 | [em? g'!]
Average pore diameter 10.403 | [nm]

S6: Optimization of potential window in the aqueous electrolyte.
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Figure S4: (a &c) Charge discharge curves at varying voltages in KOH and Na,SO,
electrolytes; (b & d) variation of coulombic efficiency and energy density in KOH and

Na,SO, electrolytes.



S6: Variation of specific capacitance with scan rate
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Figure S5: Variation of specific capacitance with scan rate o (a)KOH and (b) EMIMBF,
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