
www.rsc.org/advances

RSC Advances

This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. This Accepted Manuscript will be replaced by the edited, 
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 



Journal Name RSC Publishing 

ARTICLE 

This journal is ©  The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 1  

Cite this: DOI: 10.1039/x0xx00000x 

Received 00th January 2012, 

Accepted 00th January 2012 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Simple route for gram synthesis of less defective few 

layered graphene and its electrochemical performance
† 

 

Nazish Parveen, Mohd Omaish Ansari and Moo Hwan Cho* 

 
The mass production of high-quality graphene (GN) sheets is essential for their practical applications on 

a large scale. This paper reports a simple and less corrosive technique for the electrochemical exfoliation 

of graphite sheets using an aqueous solution mixture of sodium hydroxide, sodium thiosulfate, and 

sodium hypochlorite (NaOH+Na2S2O3+NaClO4) as an electrolyte. The presence of NaClO4 expanded the 

graphite lattice. NaOH in the electrolyte facilitated the electrochemical reduction of the preformed 

oxygen functional groups of GN while the sulphate ions of Na2S2O3 accelerated the exfoliation of the 

graphite sheet. Along a series of chemical reactions, the oxidation process produced O2 and SO2 gases. 

These gases exerted additional forces on the graphite layers and separated the loosely bonded graphite 

layers, thereby accelerating the exfoliation process. The methodology produces large quantities of 

crystalline and high quality GN with few layered structures, and was thus called as few layered graphene 

(FLGN). The prepared FLGN was characterized using a range of techniques, including Raman 

spectroscopy and atomic force microscopy, which showed that the as-prepared graphene has 4-6 layers 

and a large lateral size, which was also confirmed by other analysis. The electrochemical properties of 

FLGN were examined by cyclic voltammetry, impedance spectroscopy and charge/discharge studies. 

The as-prepared FLGN exhibited a high specific capacity and good cyclic stability, which makes this 

methodology promising for the large scale production of FLGN for practical applications. 

 

 

Introduction 

  
Since the discovery of graphene (GN) by Novoselov in 2004, 

this unique material has attracted tremendous attention worldwide 

for its promising applications in various fields, such as electrical, 

electrochemical, supercapacitor, photochemical, optical, etc.1,2 GN is 

comprised of sp2-hybridized, single layered, two dimensional carbon 

atoms arranged in a honeycomb lattice.3 The planer orbitals are 

energetically stable and localized sigma bonds with the three nearest 

neighbour atoms arranged in a honeycomb lattice. This structure of 

GN is responsible for its high surface area and electrical conductivity 

as well as its other exceptional properties.4-6 

Many routes have been used for the synthesis of large surface 

area and high quality GN, including the mechanical exfoliation of 

graphite and chemical vapor deposition.4,7 On the other hand, most 

of these methods suffer from a range of limitations, such as lower 

yield, agglomerated sheets, attached functional groups etc. Therefore, 

the synthesis of high quality few layered graphene sheet (FLGN) in 

larger amounts is a major challenge. The chemical method 

(Hummer’s method) is an appealing route for the synthesis of 

reduced graphene oxide (RGO). This RGO is derived using different 

reducing agents; however, these RGO have various defects and are 

highly oxygenated with hydroxyl and epoxide functional groups, 

which limits their electrochemical applications because of their 

lower thermal conductivity.7,8 Therefore, FLGN sheets with 

minimum functional groups (hydroxyl and epoxide) is desired from 

an applications point of view.  

The electrochemical exfoliation of graphite sheets into GN 

using mild chemical processes without the need for a strong 

oxidizing agent has attracted attention because it is a simple, fast, 

low-cost, and environmental friendly method.9,10 Yuan et al.10 first 

reported this method for the synthesis of GN sheets in concentrated 

sulphuric acid in 2011. On the other hand, in the acidic medium, the 

honeycomb lattice of GN sheet sustained damage, such as defects 

and functionalization by various groups, during the exfoliation 

process, which may further limit its application. Owing to the 

corrosive nature of the oxidative environment, different routes 

involving basic media have attracted considerable attention. For 

FLGN synthesis, Zhou et al.11 proposed the use of 

Na+/dimethylsulfoxide complexes as intercalation agents and the 

subsequent addition of thionin acetate for exfoliation. These 

electrochemical exfoliation methods have numerous advantages, 

such as the easy processing of GN and functionalized GN. These 

methods, however, have major shortcomings, including the 

requirement of strong chemicals and hazardous reagents, such as 

ionic liquids, lithium perchlorate, phosphoric acid, and 3-(amino 

propyl) triethoxy silane, the extra steps involve high voltages which 

gives low quality, and multilayer GN formation. Therefore, a milder 
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less corrosive route for high quality GN sheets is needed for various 

application processes. 

This paper reports the electrochemical exfoliation of graphite 

sheet via facile soft processing approach using the NaOH + Na2S2O3 

+ NaClO4 electrolyte system for the mass production of FLGN. In 

the electrolyte, the less corrosive medium of NaOH induces the 

electrochemical reduction of preformed oxygen functional groups of 

GN. A systematic study of the efficiency of the exfoliation process 

was conducted to determine the quality of the processed GN. These 

materials were characterized and used further as an electrode 

material in electrochemical experiments. In a 1M H2SO4 electrolyte 

solution, FLGN showed electrical double layer capacitance (EDLC) 

behavior according to cyclic voltammetry (CV), as well as enhanced 

capacitance and cyclic stability performance by the galvanostatic 

charge/discharge (GCD) measurements. 

 

Experimental  
 

Materials  

 

Graphite sheets (10 x 1.5 x 0.5 cm3) for the synthesis of the 

FLGNs were obtained from KOMAX, South Korea. Sodium 

hydroxide (NaOH), sodium hypochlorite (NaClO4), sodium 

thiosulfate (Na2S2O3), ethanol, and sulfuric acid (H2SO4) were 

purchased from Duksan Pure Chemicals, Co. Ltd. Korea. The water 

used in these experiments was de-ionized water obtained from a 

PURE ROUP 30 water purification system.  

 

Methods  

 

The microstructures of FLGN were examined by scanning 

electron microscopy (SEM, HITACHI-S4800), field emission 

transmission electron microscopy (FE-TEM, Tecnai G2 F20, FEI, 

USA) and atomic force microscopy (AFM, The Netherlands). The 

mean size of the flakes was calculated using Image J software. Phase 

analysis was performed by X-ray diffraction (XRD, PANalytical, 

X'Pert-PRO MPD, Netherland) using Cu Kα radiation (λ= 0.15405 

nm). Raman spectroscopy was recorded on a Lab Ram HR 800 UV 

Raman microscope (Horiba Jobin-Yvon, France, λ = 514 nm) at the 

Gwangju Center, South Korea. The functional groups of FLGN and 

their interactions were examined by Fourier transform infrared 

(FTIR, Excalibur series FTS 3000 Bio-Rad spectrometer) 

spectroscopy. The optical properties of FLGN were analyzed by 

ultraviolet-visible-near infrared (UV-VIS-NIR, Cary 5000, VARIAN, 

USA) spectroscopy. The chemical state and surface composition was 

analyzed by X-ray photoelectron spectroscopy (XPS, ESCALAB 

250 XPS system, Thermo Fisher Scientific, UK) using a 

monochromatized l Kα x-ray source (hν = 1486.6 eV). 

Electrochemical studies, such as CV, GCD and EIS were carried out 

using a potentiostat (Versa STAT 3, Princeton Research, USA).   

 

Electrochemical synthesis of FLGN 

 

Graphite flakes as an anode electrode and Pt wire as a cathode 

were used in the working cell for the electrochemical exfoliation of 

graphite. The electrolytic solution used in the exfoliation process 

consisted of 1M Na2S2O3 + 0.5M NaClO4 + 0.5M NaOH dissolved in 

1 litre H2O. The distance between the graphite and Pt electrode was 

kept to ~2 cm throughout the electrochemical process. 

Electrochemical exfoliation was carried out by applying a positive 

voltage (10 V) to the graphite electrode. Immediately after the 

reaction commenced, the solution gradually turned grey and then 

finally to an intense black (Fig. S1). The graphite anode dissociated 

constantly into flaky GN and exfoliated graphite sheet throughout 

the course of the reaction, which settled at the bottom of the bottle. 

After 3 hrs, the electrolyte solution containing the exfoliated graphite 

sheets were placed in an ultrasonic bath for 48 hrs, and the 

dispersion under ultrasonication was then filtered under suction, 

washed with excess water and ethanol to remove the impurities. 

Therefore, the prepared FLGN was heated to 80 °C for 6h and stored 

in a desiccator for further experiments. The amount of FLGN flakes 

was calculated to be 1.5 g. 

 

Electrochemical measurements  
 

All electrochemical measurements were performed with a 

potentiostat Versa STAT 3, Princeton Research, USA. The working 

electrode was prepared by casting a nafion-impregnated sample on a 

carbon paper electrode with a surface area of 1 cm2. Typically, 5 mg 

of FLGN was dispersed in 1 mL of an ethanol solution containing 5 

μL of a nafion solution in an ultrasonic bath for 20 min, which was 

then coated on carbon paper. A three electrode cell system was used 

to evaluate the electrochemical performance, i.e. CV, EIS and GCD 

in the 1M H2SO4 electrolyte. FLGN coated carbon paper, Pt gauze 

and AgCl/Ag were used as the working, counter and reference 

electrodes, respectively, during the electrochemical process. 

From the CV, the specific capacitance (Csp) of the electrodes 

was determined using the following equation: 

        Csp = 2[I/Scan Rate (dv/dt)VM]                                   (1) 

where I is the average current during the cathodic and anodic sweep, 

V is the potential and M is the weight of active material coated on 

the carbon paper electrode. 

From the GCD data recorded at a selected current density, the 

Csp of the electrodes was determined using the following equation: 

Csp= 2 (I dt /mdv)                                                           (2) 

where I, dv, dt, and m is the constant current used for charging 

discharging, voltage difference, discharge time, and the weight of the 

active electrode material coated on the carbon paper electrode, 

respectively. 

 

Results and discussion 
 

Proposed mechanism of electrochemical exfoliation of graphite 

sheet into graphene 

 

The synthesis of GN through the electrochemical exfoliation of 

graphite has mainly been performed using acid electrolytes, such as 

H2SO4, H3PO4 and ionic liquid electrolyte.12,13 On the other hand, 

the ionic liquids and acid electrolyte have been reported to cause 

many defects and oxidation, which can damage the honeycomb 

lattice of GN, resulting in GN flakes with inferior quality.13,14 

Schniep et al.15 reported that an acid treatment of graphite results in 
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surface functionalization, such as epoxidation, which may greatly 

alter the properties of GN. Although most of the functional groups 

can be removed by chemical or thermal reduction, a significant 

number of framework defects and small defective GN fragments will 

exist and disrupt the desirable electronic properties.16,14 To minimize 

the defects induced due to the corrosive acidic environment, an 

electrochemical exfoliation methodology of graphite under a basic 

medium has been proposed. Fig. 1 presents a schematic 

representation of the synthesis process. 

 

 

 

Fig. 1 Schematic diagram of the mechanism of electrochemical 

exfoliation of FLGN. 

 

Parvez et al.17 reported that a salt containing NaClO4 expands 

the graphite lattice, which might be helpful in the exfoliation process. 

In the present case, 1M NaClO4 in the electrolytic solution was used; 

however, no significant exfoliation of graphite sheets was observed. 

Another basic media containing 1M NaOH was also studied, but 

poor exfoliation occurred with very small yield. Therefore, it can be 

concluded that NaClO4 and NaOH can affect the exfoliation process, 

of which NaOH shows better efficiency. As the NaClO4 and NaOH 

system is expected to provide low exfoliation efficiency, a further 

modification to the electrolytic system was needed. Sulphate ions 

have been reported to accelerate the exfoliation of graphite, 

producing highly dispersed GN flakes.12 The superior exfoliation 

efficiency of sulphate salts compared to other anions can be 

attributed to the lower reduction potential of SO4
2- to generate SO2 

gas,18 which is believed to accelerate the exfoliation process. 

Therefore, in the present study, a unique system of 

NaOH+NaClO4+Na2S2O3 was used for the synthesis of FLGN 

(Table S1 briefs the experimental conditions and the observed results 

during the exfoliation process). The electrolytic solution examined in 

the electrochemical exfoliation process consisted of Na2S2O3, 

inorganic NaClO4 and NaOH, as stated above. As soon as the 

voltage was passed, a mixture of GN sheets, exfoliated graphite 

sheets with loosely attached layers as well as unexfoliated graphite 

sheet were obtained readily within 5 min which settled at the bottom 

of the electrolytic cell as is seen in Fig S1. Two control experiments 

were also performed in the presence of NaOH+Na2S2O3 and 

Na2S2O3+NaClO4 electrolyte. In both the experiments, very slow 

exfoliation was observed due to the formation of precipitate in the 

electrolytic solution which covered the graphitic electrode. These 

experiments conformed that the combination of 

NaOH+NaClO4+Na2S2O3 electrolyte works best for the exfoliation 

of graphite. The exfoliation mechanism can be understood by the 

synergistic effects of the various ions used in the electrolytic cell 

system. 

a) In the electrolytic cell, due to the dissociation process, the 

aqueous solution of NaOH, NaClO4 and Na2S2O3 consists of 

Na+, Cl-, H+, HO-, and SO4
2- ions in the electrolyte and can 

intercalate into the graphite sheets, thereby exfoliating the 

graphite sheet into GN layers. 

b) As soon as the voltage is applied, the water molecules are 

reduced at the cathode, producing OH- ions that act as a strong 

nucleophile in the electrolyte.19  

c) All the ionic species as well as the formed OH- ions, 

attacked at the edge sites and grain boundaries of the graphite 

sheet,16 which accelerated the exfoliation process. 

d) Another favorable reaction taking place is the self-

oxidation of water and other oxidation processes taking place in 

the system producing gases, such as O2, SO2 etc.20 These gases 

apply large forces to the graphite layers, which also helps to 

separate the loosely bonded graphite layers. 

 

FTIR and UV-vis diffuse absorption analysis  

 

FTIR analysis was performed to examine the chemical 

structure and any possible functional groups present in the as 

synthesized FLGN (Fig. 2a). In the present case, FLGN showed a 

band at 1578 cm-1 due to the C=C bond stretching while the broad 

band at 1344 and 1377 cm-1 was assigned to the C-H bending. 

Therefore, the FTIR peaks of the as-synthesized FLGN matches well 

with previously published reports, confirming its successful 

synthesis.21,22 On the other hand, an additional peak was also 

observed at 1448 and 1100 cm-1, which is due to CO-H bending and 

C-O stretching, respectively, suggesting that a small quantity of 

oxygen functional groups was introduced into FLGN during the 

exfoliation process.  

Fig. 2b shows the UV-vis diffuse absorption spectra of FLGN. 

Only a single absorption peak centered at 251 nm, corresponding to 

the C=C bonds, was observed, suggesting that the as-synthesized 

FLGN did not have any other prominent functional groups.23,27 

 

Fig. 2 (a) FTIR spectra and (b) UV-vis absorption spectra of FLGN. 

 

Raman spectroscopy 

 

Raman spectroscopy is one of the most successful tools for 

investigating the electronic/structural properties as well as for 

relating the defects in GN. The Raman spectrum of the as-
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synthesized FLGN consisted of three major regions, i.e. the D, G and 

2D bands (Fig. 3). The D band at 1353 cm-1 was assigned to the 

breathing mode of the sp2 carbon atom, which was activated by the 

presence of small amount of defects.24 The G band at 1583 cm-1 

originates from stokes Raman scattering with one phonon (E2g) 

emission. The ID/IG ratio is related to the number of 

defect/disordered carbon structures. The Raman spectra was 

analysed at 4 different place of FLGN and the ID/IG and IG/I2D ratio 

was calculated to quantify the amount of defects and quality of the 

FLGN (Fig. S2). The ID/IG = 0.35 obtained in the present case 

indicates the presence of very small percentage of defects in the GN 

sheet.23,25 When correlated with the FTIR results, it can be concluded 

that during the exfoliation process, few oxygen functional groups are 

introduced in the FLGN, which also causes partial disorder at the 

carbon edges, and might be related to the defects present. Other 

similar reports on chemically reduced GO in an acidic electrolyte 

revealed a much higher ID/IG ratio of 0.4,26 which highlights the 

efficacy of the proposed method of preparation.11 The other band, i.e., 

2D band, is excited by a double-resonant Raman process. The 2D 

band at 2691 cm-1 and the intensity ratio, IG/2ID = 2.1, confirmed that 

the electrochemically exfoliated graphite sheet had only a few 

layers.23,27 This is also supported by the broadening of the 2D band 

(inset of Fig. 3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Raman spectrum of FLGN. 

 

 

SEM analysis  
 
SEM and AFM were performed to study the surface features of 

the FLGN. SEM of FLGN was performed after dispersing it in 

ethanol by ultra-sonication and subsequently dropping it onto a 

silicon wafer for imaging. The inter-sheet spacing can be clearly 

seen from the image (Fig. 4a), suggesting a high level of exfoliation. 

The SEM image (Fig. 4b and 4c) of FLGN revealed wrinkled flake-

like morphology with well-arranged staked sheets.11,27 The well-

ordered arrangement of the sheets obtained here was attributed to the 

less corrosive basic medium used, which is in contrast to the 

generally used acidic corrosive medium for the exfoliation process. 

From Image J software the calculated mean lateral size of the FLGN 

flakes was obtained to be ~4µm. 

 

 

 

 

 

 

 

 

Fig. 4 SEM images of FLGN at different magnifications. 

 

AFM analysis  

 

 

Fig. 5 (a-c) AFM image and (d) statistical thickness histogram 

of the electrochemically exfoliated FLGN.  

 

The AFM image was used to measure the dimensions and 

thickness of the isolated FLGN. Fig. 5 and S3 show typical AFM 

image of the electrochemically exfoliated as synthesized FLGN 

which was randomly deposited on the silicon substrate. A smooth 

FLGN was selected for further investigation by the three-

dimensional (3D) view. The GN surface was rough on the 

nanoscopic scale with some wrinkles, which may be due to the 

existence of functional groups as evident from the FTIR analysis. 

Limitation of the technique arising from the relatively large 

curvature radius of the AFM tip, the actual thickness of the graphene 
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sheet was difficult to measure with any accuracy.  The thickness of 

the FLGN agglomerates was measured from several surface profiles 

using tapping mode AFM and the mean thickness was ~1.34 to 1.9 

nm. This range is typical for 4-5 layers GN and is also supported by 

the observations reported by Andia et al.23 for their GN sheets 

synthesized for high temperature applications. 

In Fig. 5d, the statistical thickness analysis for the roughly 150 

GN sheet from the AFM height profile ensemble shows that all of 

the GN sheets had a thickness lower than 3 nm and more than 50% 

of the sheets were thinner than 2 nm. Besides AFM, Raman and 

HRTEM are also confirming that the exfoliated GN was 4-5 layered. 

 

 

TEM analysis 

 

 

Fig. 6 (a) TEM, (b and c) HR-TEM image, and (d) SAED 

pattern of FLGN. 

 

 

Fig. 6 and S4 showed the TEM and high resolution 

transmission electron microscopy (HR-TEM) images of the as-

synthesized FLGN. A homogeneous wrinkled film like arrangement 

can be seen clearly at lower magnifications (Fig. 6a and S5). The 

HR-TEM image (Fig. 6b and S5) showed that the as-synthesized 

FLGN has a largely uniform lattice arrangement, but areas with 

some defects are also present. The selected defect free area of HR-

TEM (Fig. 6b, 6c, S5a, S5b and S5c) revealed a highly uniform 

ordered arrangement, indicating the presence of a large π-network. 

The observed hexagonal carbon lattice patterns of the selective area 

electron diffraction (SAED) revealed the presence of sp2-bonded 

carbon frameworks. In SAED pattern (Fig. 6d) of FLGN has some 

dots appeared due to the layered structure (4-5 layers) and presence 

of small defects. A systematic investigation on the statistical 

distribution of the FLGN layers was conducted through an 

examination of HR-TEM images. The measured lattice spacing of 

~0.35 nm is consistent with that reported in the literature (Fig. S5a 

and S5b).28 This indicates the insertion of fewer oxygen functional 

groups during the exfoliation process, which is also consistent with 

FTIR and Raman spectroscopy. 

 

XPS and XRD analysis 

 

XPS was performed to determine the surface characterization, 

chemical composition i.e. types of carbon and oxygen bonds, as well 

as the percentage of oxygen present in the as-synthesized FLGN. 

The wide-scan XPS spectrum of FLGN (Fig. S6) consisted largely of 

carbon (96.52%) and a small amount of functionalized oxygen 

(3.48%), which correlates well with the FTIR and Raman analysis. 
These results confirming that the as synthesised FLGN is largely free 

from defects. Liu et al.29 reported an oxygen percentage of 16.3% in 

their FLGN. In contrast, the functionalization of oxygen was much 

lower in the present case, which indicates the efficacy of the 

preparation method.  

To further determinate the chemical bond state of carbon in the 

FLGN the C1s core level was examined. The C 1s of XPS spectrum 

(Fig. 7) was confirms that a very small amount of oxygen functional 

groups (3.48%) had been introduced during the exfoliation of 

graphite into FLGN. The bands corresponding to C-C (284.98), 

C−OH (285.58 eV) and C=O (287.6 eV) were consistent with the 

literature.30  

Fig. S7 presents the XRD patterns of FLGN and graphite sheet. 

The values of d002 were calculated using Bragg’s equation (nλ = 

2dsinθ, where n = 1, λ is the wave length, 1.5406 Å). A more intense 

002 peak in the case of FLGN was observed at 26.45 (d-spacing 

~3.41) whereas it was observed at 26.61 (d-spacing ~3.34) for the 

graphite sheet. These results are in accordance with the reports by 

Parvez at al.17 for their exfoliated graphite by the inorganic salt 

medium. The shifting of the diffraction angle of FLGN to a lower 2θ 

value, suggested the possible expansion of the hexagonal lattice ring 

of graphite during the exfoliation process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7 C 1s spectra of FLGN. 

 

 

Electrochemical studies 
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Cyclic voltammetry  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8 (a) Cyclic voltammograms with different scan rates and (b) 

specific capacitance of FLGN. 

 

CV is generally used for examining the capacitive properties, 

redox nature and charge/discharge behavior of the materials. In the 

case of the as-prepared FLGN, the measurements were performed at 

room temperature within the potential range of 0 to 0.8 V and at scan 

rates of 10 to 100 mV/s. The shape of the CV curve of FLGN, as 

evident from Fig. 8a, is more or less rectangular in shape. The 

presence of a redox peak is due to the additional functional groups, 

which can interact with the protons from the acidic medium. In the 

light of other’s reports31, the rectangular CV curves obtained in the 

present case represents the high electrochemical performances in 

electric double layer capacitors (EDLCs), which is associated with 

the rapid response of the current to the voltage reversal.31 The 

capacitance of the FLGN electrode was calculated from the cyclic 

voltammograms (Fig. 8b), recorded at different scan rates using 

equation 1. The voltammograms in Fig. 8a did not show any redox 

peak, which suggests that the capacitive behaviour is free from 

various types of redox reactions.32,33 The non-observance of a redox 

peak was noted at all scan rates up to 100 mV/s, suggesting high 

capacitive behaviour over a wide range of scan rates. The maximum 

specific capacitance of FLGN 147 F/g at a current density 10 mV/s, 

which is much higher than previously reported papers, and are 

summarized in Table S2.34,35,36  

Fig. 8b shows the capacitance values determined using 

equation (1) and the voltammograms obtained at different scan rates. 

As the scan rate was increased above 10 mV/s the voltammograms 

‘window’ tended to tilt towards the vertical axis. This highlights the 

dominance of the double layer formation in the energy storage 

process at lower scan rates. From Fig. 8b, it can also be seen that 

FLGN shows decreasing capacitance with increasing scan rates. 

FLGN showed a specific capacitance of ~147 F/g at a scan rate of 

10mV/s but the capacitance value decreased to ~100 F/g at 100mV/s. 

It can be concluded that for very low scan rates, the capacitance is 

generally higher because the ions have a much longer time to enter 

and exist in the available electrode pores to form electric double 

layers, which are needed to generate higher capacitance. 

 

 

Galvanostatic charge-discharge  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9 (a) Galvanostatic charge discharge measurement at 0-1voltage 

range and (b) cyclic stability of FLGN. 

 

The GCD curve of FLGN was recorded over the potential 

range of 0-1 V and at a current density of 10 mA (Fig. 9a). All the 

curves showed a similar symmetrical triangular and there was no 

large IR drop with a linear variation of voltage as a function of time 

during the charge and discharge process. Therefore, the type of curve 

obtained in the present case of FLGN is typical for a carbon-based 

supercapacitor, and the data shows that FLGN exhibits good 

capacitive performance.37,38 The capacitance values of the FLGN 

electrodes were calculated to be 197 Ag-1 at 10 mA from Fig. 9a 

using equation (2) which is much higher than previously reported 

electrochemically exfoliated GN.29 On the other hand, in the cyclic 

stability test of FLGN, despite having a similar shape of the curve, it 

showed significantly higher charge and discharge times, indicating 

that a larger number of electrons and electrolyte ions contribute to 

the charge and discharge processes.39,40 The long-term cycling 

stability of the FLGN was also confirmed by the cyclic 
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charge/discharge process at a fixed current density of 10 mA/cm2, as 

shown Fig. 9b. The FLGN remained at 97% of the capacitance after 

500 charge/discharge cycles, highlighting its excellent long-term 

cycling stability, which is also similar to the previously reported 

GN.36 The inset in the Fig. 9b showed no significant electrochemical 

change during the long-term charging and discharging process after 

500 cycles. 

 
 

Electrochemical impedance spectroscopy 

 

EIS is an important analytical technique used to obtain 

information on the characteristic frequency responses of 

supercapacitors and the capacitive phenomenon occurring in the 

electrodes. The Nyquist plots generally show the frequency response 

of the electrode/electrolyte system and are a plot of the imaginary 

component (Z") as a function of the real component (Z'). Each data 

point is set at a different frequency with the lower portion of the 

curve corresponding to the higher frequency. EIS was performed 

over a range of frequencies (1-104 Hz) and a potential of 0.5V using 

Nyquist plots. In Fig. 10, the Nyquist plot of FLGN electrodes 

showed a straight line in the low-frequency region and a small 

semicircle in the high frequency region. At high frequencies, the 

resistance characteristics of the different supercapacitors are 

expressed as the equivalent series resistance (ESR), which includes 

the electrolyte resistance, the collector/electrode contact resistance 

and the electrode/electrolyte interface resistance. The intersection of 

the curve with the X-axis shows that the internal or equivalent series 

resistance is a key parameter influencing the charge/discharge rate, 

as a smaller ESR value represents a lesser internal loss and a greater 

charge/discharge rate.41,42 The ESR of the carbon electrodes was 

higher because it has attached more surface functional groups, which 

decrease the electronic conductivity of the material.39 As shown in 

the curve, the ESR value of FLGN was very small, indicating a 

decreased internal resistance. The vertical shape at lower frequencies 

indicates pure capacitive behavior, which is representative of ion 

diffusion in the electrode structure.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10 EIS Nyquist plot of FLGN. 

 

 
 

Conclusions 
 

In this study, a simple electrochemical exfoliation route was 

developed for the rapid production of FLGN. The proposed 

methodology has a number of advantages over reported methods 

owing to its simple reaction set up, environmentally-friendly/less 

corrosive route, single-step synthesis, and highly effective 

exfoliation of graphite sheets. The exfoliation process showed 

reduced oxidation degree with 96.52% of carbon and only 3.48% 

of functionalized oxygen, hence confirming that the as 

synthesised FLGN is largely free of any defects and possess 

much ordered Owing to this, there is high uniformly of - 

interaction in the as synthesised FLGN which gives high 

electrochemical results. The CV studies showed that FLGN 

exhibited an EDLC nature and the capacitance decreased with 

increasing scan rate. Similarly, GCD also showed enhanced 

capacitance and good cyclic stability. Owing to the high capacitance 

and high stability, the as-synthesized FLGN is expected to act as a 

replacement electrode material for applications in supercapacitors 

and electronic devices. 
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