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ABSTRACT

This paper illustrates the electrochemical exfoliation of graphite for the syn-

thesis of graphene oxide (GO) with few layers. Innovative design and

arrangement of electrodes were adopted, which allowed simultaneous exfolia-

tion and re-exfoliation of graphite anode. Electrolyte having different molar

concentrations of an aqueous solution of sulfuric acid (H2SO4) and pH offered

successful exfoliation of graphite anode with a varying yield of GO. The addi-

tion of sodium hydroxide (NaOH) in the solution affected the exfoliation rate

and the morphology of the GO sheets. The transition of GO sheets from

clumping–scrolling–flat sheet edge rolling to nanoribbons was observed by the

change of composition and pH of the electrolyte. GO sheets showed lateral

dimensions ranging from 500 nm to 24 lm, and ribbons and scrolls were found

to have dimensions up to 50 lm. With the help of transmission electron

microscopy, Raman spectroscopy, Fourier transform infrared spectroscopy,

X-ray diffraction and X-ray photoelectron spectroscopy, a mechanism of exfo-

liation has been proposed. In situ functionalization of graphene helped in

imparting stability to the GO in solvents such as ethanol and water for more

than 11 months. This study elaborates on the significance of solvated sulfate

ions and provides a window of sulfate and hydroxyl ion combination for tuning

of structural morphologies of GO.

Handling Editor: Annela M. Seddon.

Address correspondence to E-mail: dasguptakinshuk@yahoo.com; kdg@barc.gov.in

https://doi.org/10.1007/s10853-021-06535-4

J Mater Sci (2021) 56:19383–19402

Chemical routes to materials

http://orcid.org/0000-0002-5742-7799
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-021-06535-4&amp;domain=pdf
https://doi.org/10.1007/s10853-021-06535-4


GRAPHICAL ABSTRACT

Introduction

Technological development in broad sense roots back

to material revolution over the years. The technical

evolution has opened a window for research in the

development of new materials and their applications.

Similarly, the invention of graphene has opened up a

window for research in the field of 2-D materials [1].

Graphene is a hexagonal carbon structure having a

thickness of a single atomic layer. For practical pur-

poses, graphene with more than one layer may be

useful. Graphene properties are attributed to their

number of layers, i.e., single layer, few layers (2–10

no of sheets) and multilayer [2]. In the case of a few

layers or multilayers, stacked carbon layers are held

together with pi bonds. Graphene improves the

mechanical strength of the composites by its ability to

transfer the load. Likewise, graphene is considered to

be a propitious material in the field of electronics

[3][3], capacitors [5], sensors [6, 7], energy storage

devices [8] due to its high charge transfer capacity

and large surface area.

Graphene is a fundamental carbon material, but it

needs processing to be obtained in an isolated form.

Synthesis routes of graphene involve either deposit-

ing hexagonal carbon sheets by pyrolysis of carbon

source in the presence of a catalyst (bottom-up

approach) or shearing down bulk graphite layers

through external forces, developing a carbon array

(top-down approach). In the first approach, methods

like chemical vapor deposition [9], arc discharge [10]

and in the second approach chemical and mechanical

exfoliation routes [11] have been reported. Out of

different techniques, liquid-phase chemical exfolia-

tion has the potential for industrial scale-up. In liq-

uid-phase chemical exfoliation, electrolyte ions

intercalate in between the graphitic layers to break

the pi bonds to generate graphene sheets. Depending

on the composition of the electrolyte, these graphene

sheets get functionalized with oxygen and form dis-

persible graphene oxide (GO). The synthesis route

always affects the morphology of the GO. Depending

upon the domain of functionality, i.e., edge or basal,

structural stability of GO is achieved. GO, due to its

surface functionality, encounters lesser interfacial

tension in the solvent or attraction forces between GO

sheets. The nature of the electrolyte solution plays an

important role to decide the final morphology and

functionality of the resultant product. Functionality

can be further reduced with chemical or thermal

treatment to restore graphene structure also known

as reduced graphene oxide (RGO).

Wet chemical exfoliation approaches using differ-

ent methods like Staudenmaier [12], Hoffman [13],

Hummers [14] and improved Hummers [15] methods

yield highly oxidized/distorted graphene structure

in resultant GO. Such methods impart structural

impairment in the product due to the use of a harsh

oxidative environment. The key factors associated

with the scalability of the GO/RGO synthesis process
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are (1) use of minimal hazardous materials and (2)

consistency of electrolyte with the progress of exfo-

liation [16]. In this view, the report on ultrasonic

wave-assisted exfoliation of graphite has an edge

over other techniques with ease of operation [17–23].

However, the technique lacks attraction due to high-

intensity shockwaves and high local heat generation

during the process leading to adversely affected

characteristics of the graphene layer [24, 25]. The

main drawback of the method is a reduction of lateral

dimensions of the graphene lattice.

Further, electrochemical exfoliation of graphite has

been successfully employed using various types of

mild electrolytes such as anionic, cationic-based ionic

liquids, salts, acids and surfactants [26, 27]. In elec-

trochemical exfoliation, there are different routes to

apply the bias like, constant DC supply with change

of polarity, stepwise increase in the applied potential

and continuous DC supply [28]. Liu et al. have

reported the synthesis of graphene nanosheets (lat-

eral size * 500 nm) using anionic ionic liquids such

as 1-octyl-3-methyl-imidazolium chlorine ([C8-

mim]?Cl– and similar electrolyte with different

anions like PF6, BF4 [28, 29]. The preparation of het-

eroatom intercalated graphene was also achieved

through electrochemical exfoliation [31]. Lu et al.

have reported the synthesis of RGO in the form of

nanoribbons using 1-methyl-3-butylimidazolium

chloride ([BMIm]Cl) anionic electrolyte [32]. Parvez

et al. [33] reported that organic salts anions such as

ClO4
-, Cl- and NO3

- showed no extensive exfolia-

tion. The intercalation and exfoliation could be done

sequentially through change of polarity of electrode.

This route also enabled the control over graphene

thickness [33, 34]. Similarly, though the cathodic

exfoliation of graphite has been studied by

researchers, this process yielded a low quantity of

graphene with poor dispersion stability [30]. Various

2D material like MoS2 phosphorous, antimony and

bismuth has been widely explored through electro-

chemical exfoliation method [36, 37].

Similar to planar graphene nanosheets, different

morphologies such as nanoscrolls, nanoribbons have

also gained attention due to their interesting prop-

erties like conductivity, strength, energy storage, etc.

[38, 39]. Unlike graphene oxide nanosheets, nano-

scrolls and nanoribbons have restricted lateral

dimensions due to rolling. Such confined morpholo-

gies of graphene oxide offer interesting features

because of their synergistic combination of properties

of carbon nanotube (CNT) and graphene. GO nano-

scrolls or nanoribbons are one-dimensional struc-

tures, and due to their high adhesion strength

compared to regular sheet, scrolls are used in

strengthening of polymer. Moreover, rolling helps in

developing strain in structure that improves its con-

ductivity. Graphene nanoribbon for its unusual con-

ducting properties has found application in

biomedicine and sensors [41]. Unzipping CNT by

longitudinal cutting, ion intercalation, highly

exothermic and oxidative treatment have been

attempted successfully to produce graphene

nanoribbons within the sub-nanometer range [42].

Figure 1 shows different geometries and nomencla-

tures of graphene. A list of studies showing the effect

of graphite source and electrolyte on GO morpholo-

gies is tabulated in Table 1.

Until now, in the top-down approach, the

researchers focused on generating GO/RGO using

different electrolytes in conventional vertical two-

electrode cell assemblies, where random exfoliation

of graphite occurs with applied bias potential that

leads to the formation of random-sized GO/RGO

particles. Then, different sized graphene particles are

segregated using the centrifugation method, but the

yield of uniform size graphene particles always

remains low. So the real problem for mass-scale

production of GO/RGO primarily depends on the

electrode cell assembly design followed by the type

of electrolyte.

Herein, we report a simple strategy for the syn-

thesis of GO scrolls, sheets and ribbons. For the first

time, self-rolling of sheets is studied by tuning the

electrolyte composition. This method avoids the

additional step of pH adjustment after GO synthesis

to achieve various morphologies of GO as during the

exfoliation process only we can achieve it. An inno-

vative cell design has been employed for GO syn-

thesis using an electrochemical exfoliation approach.

All the experiments were carried out at constant

current conditions. It was observed that the exfolia-

tion under the constant current approach has the

edge over the exfoliation under the constant voltage

condition, regardless of the electrolyte composition.

With the consideration of the intercalation properties

of sulfate ions, aqueous sulfuric acid was used as the

electrolyte. The effect of neutralized acid on exfolia-

tion and morphology was studied by the addition of

NaOH to the aqueous H2SO4 solution. This approach

allows a narrow size distribution of GO
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morphologies through multiple exfoliation and re-

exfoliation of anodic graphite. Detailed characteriza-

tions of the GO were carried out using UV spec-

trometry, Raman spectroscopy, TEM, XRD, FTIR and

XPS.

Experimental

Materials

A graphite block (density 1.84 g/cc) was procured from

M/s Amit Engineers, Mumbai, India, and was machined

into round disks (80 mm diameter, 10 mm thick) and

used as the anode and the cathode. Sulfuric acid (H2SO4

98%, AR) and sodium hydroxide (NaOH pellets AR)

were purchased from SD Fine-Chem Limited, India.

Deionized water was used from the in-house plant.

Polyvinylidene difluoride (PVDF) membrane of pore

size 0.22 lm, diameter 47 mm and thickness 125 lm was

purchased from MERCK. All chemicals were used as

received, without further purification.

Methods

Figure 2 shows the schematic of the experimental

setup. A glass vessel having one small side opening

was used. Two graphite disks with similar

dimensions were taken as the anode and the cathode.

Anode was provided with a small hole on the

thickness side, and the cathode was screwed from the

top surface for inserting a connecting graphite rod

into it. The connecting rod of the cathode was held in

position with the help of a polypropylene lid having

a rod size opening in it. The cathode rod could be

moved vertically to adjust the distance between two

graphite electrodes. These contacting graphite rods

were clamped with stainless steel conducting clips to

provide current from a DC supplier. A horizontal

parallel arrangement of graphite electrodes, where

maximum areas of the electrodes were facing each

other, was used to achieve the advantage of the re-

exfoliation process. Due to the horizontal arrange-

ment, if any large particle exfoliates from the anode,

it is expected to fall on the same anode surface. In this

way, the contact is maintained between incompletely

exfoliated graphite chunks and the anode. A com-

pletely exfoliated graphene enters into the super-

natant. This method helps in improving the yield of

the process as well as the reduction of the number of

layers.

For electrochemical exfoliation of graphite, 500 ml

solution of (1) aqueous sulfuric acid and (2) a mixture

of sulfuric acid and sodium hydroxide was used as

the electrolytes. The DC supply was started and the

Figure 1 Different geometries of graphene sheets.
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Table 1 List of studies showing the effect of graphite source and electrolyte on GO morphology synthesized by a top-down approach

Sr.

no

Graphite source Method Electrolyte/exfoliation medium Lateral dimensions Ref

1 Pre-exfoliated

graphite (HM)

Multiple sonication Water (60 �C) (Monolayer) &1 lm
to &950 nm

[17]

2 Graphite (1200,

300–500,[ 80

mesh)

Modified Hummers (23 mL) H2SO4 ? (3 g) KMnO4 ? HCl

(30 mL) H2SO4 ? (3 g) KMnO4 ? HCl

(60 mL) H2SO4 ? (3 g) KMnO4 ? HCl

(Monolayers[ 90%)

1.7 ± 1.0, 14.9 ± 8.3,

38.0 ± 16.3 lm

[18]

3 Graphite powder

(325 mesh)

Sonochemical (Hummers

method ? Ultrasonic)

NaNO3 ? H2SO4 ? KMnO4 (Creased mono- to few-

layered planar

sheet)[ 200 nm

[19]

4 Graphite powder

(325 mesh)

Sonochemical (Improved

Hummer ? Ultrasonic)

H3PO4 ? H2SO4 ? KMnO4 ? HCl ? H2O2 (Folded FLG)[ 100 nm [23]

5 Natural graphite

(La82.8,

Lc59.5 nm)

Synthetic graphite

(La65.4,

Lc26.2 nm)

Modified

Hummers ? Ultrasonic

NaNO3 ? H2SO4 ? KMnO4 ? H2O2 (mono- and few-layered

planar sheet)

&1.5, &0.75 lm

[24]

6 Graphite powder

(200 lm)

Modified Hummers NaNO3 ? H2SO4 ? KMnO4 ? H2O2 500 lm2 [25]

7 HOPG

(1 cm:1 cm:1 mm)

ECE 1-methyl-3-butylimidazolium

tetrafluoroborate ? Water

Carbon nanocrystal

8-10 nm, nanoribbons

10 9 (60 ± 20) nm,

ultrathin graphene sheet

200–500 nm

[29]

8 Graphite rod (6 mm

dia.)

ECE Deep eutectic solvent ? Ionic

liquid ? Acetonitrile

FLG[ 5 lm [30]

9 Graphite rod ECE 1-octyl-3-methyl-imidazolium

hexafluorophosphate,1-octyl-3-methyl-

imidazolium tetrafluoroborate, 1-octyl-3-

methyl-imidazolium chlorine, 1-butyl-3-

methyl-imidazolium hexafluorophosphate

Crumpled sheets 700 nm [32]

10 Graphite flake ECE ((NH4)2SO4, Na2SO4, K2SO4 FLG 5–44 lm [33]

11 HOPG (3.0 9 0.5

cm2)

ECE 0.1 M H2SO4 FLG 3 lm [43]

12 Graphite flake (325

mesh)

Chemical exfoliation 123.6 g Urea/300 mL Glycerin/0.2 g Sodium

hydroxide

FLG 6–8 lm [44]

13 Graphite rod ECE 0.1 M (NH4)2SO4 FLG 5.0—3 lm [45]

14 Natural graphite

flakes (99.8%)

Modified Hummer GO/MnO2/H2O2(30%) Nanoscroll[ 0.2 lm [46]

15 Natural graphite

flake (32–325

mesh)

Modified Hummers GO/liq. nitrogen * 10 lm Nanoscroll [47]

16 Natural graphite

flake

(500–600 lm)

Modified chemical

exfoliation

NaNO3 ? H2SO4 ? KMnO4 ? H2O2 (30%) FLG 10–300 lm [48]

17 Graphene Bubble-induced scrolling NaHCO3 Nanoscrolls [49]

18 MWCNT Micro-explosion K/Ar Nanoribbon 0.5 to 5 lm [42]
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current was maintained at 2A (corresponding current

density: 40 mA/cm2) with a 6 V supply throughout

the experiment. The system took a few minutes to get

stabilized once the bias was applied.

Experiments were carried out as shown in Table 2

at room temperature conditions. After each experi-

ment, the resultant liquid was kept idle for 16 h to

separate/settle the large chunks of graphite from

mother liquor because of their weight. Exfoliated GO

formed a stable dispersion in an electrolyte; therefore,

separation of settled larger chunks became easy. The

concentration of GO in the solution was measured by

a UV spectrometer, and the data were used to get the

estimation of the mass of GO exfoliated. After that,

the electrolyte was filtered using a vacuum-assisted

membrane filtration unit. The final product collected

Figure 2 Schematic diagram of the experimental setup used for the electrochemical exfoliation.

Table 2 Electrolyte concentration used for samples during electrochemical exfoliation

Electrolyte Sample pH Sulfuric acid (M) NaOH (M) Rate (mg/cm2 9 s)

H2SO4 GO1 0.32 0.4 – 6.48 9 10–05

GO2 0.2 0.5 – 1.68 9 10–04

GO3 0.1 0.6 – 1.80 9 10–04

Constant H2SO4 (H2SO4 ? NaOH) GO4 1.0 0.5 0.75 2.93 9 10–04

GO5 1.5 0.85 1.74 9 10–04

GO6 3.6 0.95 5.85 9 10–05

GO7 8.2 1 8.35 9 10–05

GO8 11.2 1.1 1.30 9 10–04

Constant pH (H2SO4 ? NaOH) GO9 2.5 0.4 0.85 6.48 9 10–05

GO10 0.5 0.95 2.21 9 10–04

GO11 0.6 1 1.75 9 10–04

GO12 0.7 1.2 1.84 9 10–04
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on the membrane surface was washed three times to

make it free from electrolyte residue. Then the puri-

fied GO was dispersed in ethanol with the help of

sonication. This dispersion was used to make sam-

ples for further characterization.

Structural details of graphene oxide samples were

studied by transmission electron microscopy

(TEM), JEM2100 (JEOL) with an accelerating voltage

of 200 kV. X-ray photoelectron spectroscopy was

used and XPS spectra were recorded using AXIS

Supra (Kratos Analytical, UK) with pressure main-

tained\ 2.0910–7 Pa in the instrument. XPS analysis

was carried out with an X-ray excitation source

monochromatic Al (Ka 75 W) with a takeoff angle of

90�. To obtain specific elemental quantification of

carbon and oxygen, high-resolution scans pass

energy Ep = 20 eV (resolution * 0.5 eV) were used.

A survey scan was carried out at 160 eV (resolu-

tion * 2 eV). Raman spectra were recorded to

determine the characteristic of graphene oxide using

WITec alpha-300R, GmbH with laser wavelength

514 nm for all the samples. Laser intensity was cho-

sen carefully to avoid sample burning or damage.

Powder X-ray diffraction (XRD) measurement was

taken using a tabletop XRD instrument (Proto Make,

Canada) with Cu Ka (k = 1.5405 Å) as the

monochromatic X-ray source in the scanning range

(2h) of 9–60� and step size of 2�/min. Fourier trans-

form infrared (FTIR) spectra were acquired using a

Bruker TENSOR27 instrument, under room temper-

ature and atmospheric pressure.

Results

Electrochemical exfoliation

To evaluate the exfoliation rate of the graphene oxide,

the electrolyte sample was collected periodically from

the reaction volume. An absorbance at 660 nm vs.

concentration graph was plotted for GO solution with

known concentrations using a UV spectrometer.

From the graph, the unknown concentrations of GO

in the electrolyte were determined. The details can be

found in the supplementary information (SI). As a

result of hydroxyl ion and solvated sulfate ion

intercalation, a successive expansion and exfoliation

was observed at the anode. In the beginning, as the

rate of exfoliation was lower, no color change in the

solution was observed. As time passed, increasing

concentration of graphene oxide turned the elec-

trolyte color from colorless to pale yellow and then

finally dark brown. Table 2 summarizes the list of

experiments and corresponding observations. Fig-

ure 3a and b shows the changes in the color of the

solution as well as the absorbance in the UV spectra

of sample GO3 and GO11 (Refer Table 2), respec-

tively, with time. As per our observation, the initial

2-min period can be denoted as the induction period,

where energy is consumed for electrolyte ionization

and wetting of graphite. With the increased time of

exfoliation, the absorbance increases, and the color

darken. As given in Table 2, three different sets of

experiments were carried out, which are explained in

the following sections.

Effect of electrolyte concentration

The electrochemical exfoliation of graphite was

studied at different electrolyte concentrations. While

studying the effect of increased sulfuric acid con-

centration, we restricted the study up to 0.6 M (aq.

H2SO4) concentration considering the lower limit of

the pH scale. On the other side, lowering the molarity

also affected GO production. Initially, acid concen-

tration was increased from 0.4 M to 0.6 M as shown

in Table 2 for samples GO1-GO3 to observe its effect

on graphene oxide. After exfoliating for 6 h, the

weight of GO in the electrolyte was measured from

UV absorbance data. It was observed that as the

concentration of electrolyte increased and the com-

position of electrolyte changed, the resultant GO

exfoliation rate also varied. The rate of graphene

oxide exfoliation increased from GO1 to GO3 with an

increase in sulfuric acid concentration from 0.4 M to

0.6 M. The increase in the exfoliation rate for these

sets of samples GO1 to GO3 is due to the enhanced

intercalation of anions with an increase in sulfuric

acid concentration.

Effect of increasing electrolyte pH
at constant sulfuric acid concentration

The effect of increasing pH of electrolyte solution on

the GO properties and its synthesis rate was studied

at a constant sulfuric acid concentration as mentioned

in Table 2 (sample GO4 to GO8). For this particular

set of experiments, the sulfuric acid concentration

was kept constant at 0.5 M, and then, the solution

was neutralized with NaOH to increase the pH of the
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electrolyte solution. The effect of NaOH addition can

be divided into two regions, namely acidic and basic

regions. It was observed that the exfoliation rate was

high initially in the acidic range and then slowed

down. This behavior could be attributed to the hin-

drance created by the excess sodium ions on the

solvated sulfate ion mobility in the electrolyte in the

acidic region, thus reducing the intercalation rate.

Then the exfoliation rate again slightly increased in

the basic region (e.g., sample GO8), which might be

due to excessive hydroxyl ion concentration that are

coming from addition of NaOH and helped in

boundary functionalization and thus caused an

increase in exfoliation As the hydroxyl ions have

higher mobility, they reach the graphite anode and

oxidize it after bias application. In this study, the

increase in pH led to the formation of thicker GO

particles. From the recovery (collected GO mass after

filtration) point of view, the sample GO4 showed the

highest performance.

Effect of sulfuric acid concentration
at constant pH

In this study, the pH of the electrolyte was kept

constant with the help of NaOH addition. However,

the sulfuric acid concentration increased from 0.4 M

to 0.7 M as shown in Table 2 for samples GO9-GO12.

The exfoliation was studied at 25 �C maintaining a

constant current. It was observed that despite con-

stant pH conditions, the exfoliation rate increased as

the sulfuric acid concentration increased (up to G10).

After a certain value of sulfuric acid concentration,

the large graphite particles started exfoliating, and

hence, the rate of exfoliation of GO could not improve

further. Maybe from sample G11 onwards, the excess

Na? ions hindered the movement of sulfuric acid;

thus, the effectiveness of intercalation got reduced.

Dispersion stability of GO

All the samples of GO, obtained from different exfolia-

tion conditions, were dispersed into ethanol and water. A

stable dispersion of GO was observed in both solvents.

The dispersion stability was studied over 11 months.

There was no settling of GO observed. Figure 4 depicts

the dispersion stability of the GO samples (GO2, GO4

and GO10) with concentration 1 mg/ml over 11 months

as analyzed by UV absorbance and also visually. To form

stable dispersion, the surface energy of the solvent

should match with that of the GO. The formation of

stable dispersion in a polar solvent is due to the presence

of oxygen functionality on the graphene structure. Due to

functionalization, there is an improved interaction

between graphene oxide and polar solvents.

Compositional and structural
characterization

X-ray photoelectron spectroscopy (XPS)

Elemental quantification was carried out using XPS

(wide scans and high-resolution scans for C1s and

O1s) for different GO samples. Surface

Figure 3 Changes in absorbance of UV spectra and color of the GO solution (inset) for samples a GO3 and b GO11.
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functionalization of carbon structure with hydroxyl,

carboxyl and carbonyl groups was identified by

deconvoluting the C1s and O1s spectra by Lor-

entzian–Gaussian mix function.

C1s signal of GO consists of several functional

groups, which can be deconvoluted to find the

respective atomic percentage of groups, such as car-

bon–carbon bonds C=C (284.5 eV) and C atoms

bonded to hydroxyl group C-OH, epoxide C-O-C

(286.5 eV), carbonyl C=O (287.6 eV) and carboxyl

groups –COOH (289.1 eV)[50]. However, there may

be slight shift in the values depending on processing

conditions. The binding energy data of deconvoluted

C1s and O1s peak obtained for individual GO sample

are shown in Table S1 in supplementary information.

Figure 5 shows the C1s plots for the representative

samples GO2, GO4 and GO10 considering their dif-

ferent synthesis conditions. After oxidation, the C–C

area percentage decreased. As per peak deconvolu-

tion, all of these samples possess oxidation on basal

planes as well as edges. But according to area per-

centage analysis, the amount of loading of the group

like epoxy was increased with respect to pH. With

maximum C–C retention, the carboxyl group was

absent in sample GO2, where the rest other samples

Figure 4 Representative images ethanol–GO dispersion stability over 11 months for sample, GO2, GO4 and GO10 and their UV

absorbance measured after 11 months for comparison.

Figure 5 C1s peaks deconvoluted to analyze oxygenated carbon groups present in respective GO samples.
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were seen to possess shown in Fig. S1 in Supporting

Information.

The graph in Fig. 6 shows the percentage of carbon

functional groups estimated from C1s peak decon-

volution. The carbon to oxygen atomic percentage

ratio is also plotted. It can be seen from the C/O ratio

plot, as the sulfuric acid concentration increases, the

resultant oxygen groups on the GO sample increase.

Even at constant pH conditions, similar results were

observed. Sample in increasing pH conditions

showed a gradual drop in oxygen loading capacity

from sample GO4. This might be due to the effect of

increased OH groups, taking part in engaging grain

boundaries during functionalization and exfoliation

while retarding the sulfuric acid to interact with the

graphite surface through electrostatic repulsion.

From XPS, it was observed that there was increase in

carbon percentage with increase in the electrolyte pH.

This indicates that the total functional group that

were necessary to stabilize the graphene sheet

decreased with increased pH (basic). This could be

due to the deprotonation of carboxyl groups on gra-

phene. It caused destabilization of sheets resulting in

rolling up or folding to minimize the energy. Similar

observations were reported by Wu et al. [51] while

studying elecrochemical activity of graphene oxide in

alkaline and acidic pH environment.

Similarly, O1s consists of different functional

group peaks merged to give a single large O1s signal.

The fuctional group peaks are C-O (530.5 eV), C–OH

(531.4 eV), C=O (535.4), O=C–O (535.4 eV) and –C–

O–C (533.4 eV) [52–58]. Figure 7 depicts the decon-

voluted O1s spectra for thre representative samples

deconvoluted into three peaks. The more oxygen

percentage on basal plane groups like quinone was

observed for GO2 at 530.6 eV. GO4 was rich in oxy-

gen signal bonded to carbon structure at 533.4 eV and

carboxyl group at 534.8 eV. With the increasing oxi-

dation, the edge groups like carbonyl, epoxy or car-

boxyl were seen appearing on GO sheets. It is seen

from the graph that both the data (C1s and O1s) are

in good agreement with each other. Figure S2 of the

Figure 6 Functional group percentage and C/O ratio for different GO samples based on C1s peak area analysis.
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Supplementary Information contains the information

regarding O1s of the rest of the samples.

A structural modification of the carbon array from

sp2 to sp3 was seen as an effect of increased oxidation.

As oxygen percentage increased, the resultant C/O

ratio decreased. Similarly, sample GO4 exfoliated

with moderate rate and gave fine nanosheets pos-

sessed the highest oxygen loading. Although the

samples were synthesized after partial neutralization,

their effect on reducing oxidation degree is not seen.

This scenario might be due to the availability of extra

OH groups from NaOH. The highest oxidation was

seen in sample GO4. Figure 6 brings out the clarity

about the changes in functional groups with respect

to electrolyte pH and also the C/O ratio. The samples

synthesized at constant pH conditions have shown

increasing oxidation degree with respect to an

increase in the sulfuric acid concentration. This

shows the dependency of oxidation upon oxidizing

agent concentration.

Transmission electron microscopy (TEM)

TEM images of the GO samples are shown in Figs. 8

and 9. GO samples synthesized with only H2SO4

electrolyte (GO1 to GO3) are shown in Fig. 8 with

corresponding high-resolution TEM (HRTEM) ima-

ges as a, b and c. Sometimes, a part of the graphene

sheet rested on another sheet while drying or rolled

into a scroll. These overlapped regions are visibly

darker compared to the individual ones. The rolling

and folding of sheets at edges were observed and that

was due to minimization of surface area. In sample

GO1 and GO2, rolling and agglomeration of sheets

were observed, whereas, in sample GO3, sheets were

folded. Information obtained from TEM images

reveals that samples GO1 and GO2 have 4–15 num-

ber layers with a lateral dimension of 500 nm-3 lm.

Sample GO3 has fewer graphene layers with a longer

lateral dimension. These sheets were not clumped;

rather, they were folded. If the XPS result is referred,

the oxygen functionality increases from GO1 to GO3.

Due to very little oxygen functionality, GO1 is rolled,

whereas GO3 is just folded as more oxygen func-

tionality has prevented it from rolling.

Figure 9 shows the images of the GO samples

obtained with NaOH addition (GO4–GO8) at con-

stant sulfuric acid concentration. The corresponding

HRTEM images are shown as (a-e). Sample GO5

shows scrolled nanosheets, whereas sample GO6

depicts bundled sheets. Samples GO7 and GO8 are

fibrous, where the fiber length is few microns. The

HRTEM images reveal that these are very high-

aspect-ratio GO sheets. The basic pH range might

have played some role in the formation of the fibrous

structure, which is still not well understood.

Raman spectroscopy

In the Raman spectra typical G (1580–1620 cm-1), D

(1342–1358 cm-1) and 2D (2640–3180 cm-1) peaks are

seen (Figs. 10, 11 and 13). Figure 10a depicts the

change in ID/IG ratio for samples GO1 to GO3;

Fig. 10 (b) shows the shift in G peak position and

values of FWHM for these samples. An increase in

the value of FWHM and a shift of G peak toward a

higher value indicate an increase in disorderliness in

the structure of GO [57–62]. The trend for sample

GO1 to GO3 is in agreement with the earlier discus-

sions which brought out the fact that more oxygen

functionalization in GO3 led to more disorderliness.

Similarly, the trend is explained for samples GO4 to

Figure 7 O1s peaks deconvoluted to analyze oxygenated carbon groups present in representative GO samples.
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GO8 in Fig. 11a, b and for samples GO9 to GO12 in

Fig. 12a, b. As Fig. 11 b shows, the G band position

shifted to lower position upon scrolling up of gra-

phene sheet. Similar observations were reported by

Li et al. [65]. These results are compatible with XPS

and TEM results shown earlier. During the interca-

lation and deintercalation process, graphite structure

expansion and defect generation via replacement of

double-bonded carbon or attachment of oxygen take

place. It is to be noted that, during continuous exfo-

liation and re-exfoliation of graphite, a different

percentage of oxygen loading along with structural

change happens in the structure. The phenomenon of

peak shifting has been explained according to defect

density variation with the help of deconvolution of D,

G and 2D peaks in Fig. 13 [59].

Figure 13a, b shows the deconvoluted D, G and 2D

peaks for sample GO4. The high intensity of the D

peak suggests disturbances in sp2 hybridization due

to functionalization. The presence of defects causes

the splitting of these peaks. The deconvolution of

these peaks with Gaussian fit helps to analyze defects

present in the few-layered graphene. D*(1250 cm-1)

and D** (1500 cm-1) can be attributed to substitu-

tion/disappearance of sp2 region with heteroatoms

and C-H vibration or defect increment. D’ band

causes G band shifting and broadening toward

1610 cm-1 as a result of defective sites, present in the

few-layered graphene. Similarly, Fig. 13b shows the

deconvoluted 2D peak. The hump of 2D consisted of

four peaks G*(* 2400 cm-1), G’(* 2700 cm-1),

D ? D’(2930 cm-1) and 2D’(G ? D’), indicating

defective few-layered graphene. Because of disturbed

planar structure, the 2D peak is always has broad-

ened spectra [59].

X-ray diffraction

XRD patterns of samples GO1, GO4 and GO9 are

given in Fig. 14a, b and c. The characteristic (001)

peaks at 11.37�, 10.9� and 11.03� of sample GO1, GO4

and GO9 confirm the formation of GO with d-spacing

0.77, 0.81 and 0.80 nm, respectively, calculated using

the Bragg’s law.

Fourier transform infrared spectroscopy

FTIR helps in analyzing the functional groups pre-

sent on GO. Different prominent peaks were detected

(see Fig. 15) in the GO samples, such as C–O

Figure 8 TEM images of graphene oxide sheets of sample GO1, GO2 and GO3 and their respective HR-TEM images shown as a, b and

c.
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vibrations at 1040–1080 cm-1, epoxy group (C–O–C)

at 1200–1300 cm-1, in-plane vibrations of non-oxi-

dized carbon C=C peaks at 1500–1600 cm-1, ketone

group (C=O) at 1600–1700 cm-1, C=O vibrations

from carboxyl (COOH) group at 1740–1780 cm-1 and

hydroxyl (C–OH) at 3400–3500 cm-1. This is in line

with the findings by XPS.

Figure 9 TEM images of GO sample obtained at different pH conditions for sample GO4, GO5, GO6, GO7 and GO8, and their HR-TEM

images shown in a, b, c, d and e, respectively.

J Mater Sci (2021) 56:19383–19402 19395



Figure 9 continued.

Figure 10 a Raman spectrum of graphene oxide samples GO1, GO2, GO3, stacked and b shift in peak position and FWHM of G peak is

mapped for individual GO samples.
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Discussion

Based on the experimental results and analyzed data,

the following mechanism for the exfoliation mecha-

nism is proposed. When the current is passed, the

anions are transferred to the anode. During electro-

chemical exfoliation, the hydroxyl ions from elec-

trolyte solution functionalizes the anodic graphite

edges as well as at basal plane. This step helps in

increasing the interlayer distance between the gra-

phene sheets. Then the solvated sulfate ions interca-

late into graphite layers and form an intermediate

complex compound, i.e., graphite intercalated

compound. This complex compound then reacts with

intercalated water molecule and form gases (O2, CO2,

etc.). These gases then exert pressure on graphene

layers and separate them out into thin layers. In our

experiment, an aqueous solution of sulfuric acid has

been used as the electrolyte at (1) varying and (2)

constant pH conditions. In an aqueous system, the

minimum potential to ionize the electrolyte is 1.2 V

[66]. Since the applied bias was kept constant

throughout the experiment at 6 V, intercalation and

exfoliation were taking place in a single step. XPS

analysis confirms the presence of different oxygen

functional groups. For samples GO4 onwards NaOH

Figure 11 a Raman spectra for samples GO4, GO5, GO6, GO7 and GO8 b shift in G peak position and FWHM is mapped for the above

GO samples.

Figure 12 a Raman spectra b shift in position and FWHM of G peak of samples GO9, GO10, GO11 and GO12.

J Mater Sci (2021) 56:19383–19402 19397



is added to the solution. The additional OH- ions

travel to the anode and attack the grain boundaries of

graphite resulting in functionalization of them. This

helps in easy exfoliation. On the other hand, the

presence of Na? ions in excess hinders the mobility of

the sulfuric acid, thus reducing the exfoliation. Zhou

et al. tried to explain the effect of resultant forces due

to intercalated moieties on exfoliation pattern [67].

According to Tomcsanyi et al., it is seen that the

adsorbed sulfate ions can be displaced in the pres-

ence of excess sulfate ions [68]. Therefore, two com-

petitive processes occur simultaneously when NaOH

is added. Depending on the pH of the solution, the

dominance of one process prevails as explained in

‘‘Effect of electrolyte concentration’’ Section. Fig-

ure 16 indicates the regime map for the GO. Here the

morphology of GO is mapped with respect to the

Figure 13 Multiple peaks fitting for a G peak, D peak and b 2D peak.

Figure 14 XRD patterns for a GO1 b GO4 and c GO9.

Figure 15 FTIR spectrum of representative GO samples.
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synthesis electrolyte composition. It helps in under-

standing the response of GO to the electrolyte

dependent synthesis. It eases the understanding of

the behavioral changes obtained with the alteration of

the pH of the solution. This plot acts as a benchmark

to develop an interesting GO morphological

structure.

Conclusions

The current research work shows a tunable strategy

for GO synthesis by electrochemical exfoliation

approach. The following conclusions can be drawn

from our studies:

(1) The geometry and the arrangement of graphite

electrodes influenced the exfoliation and

helped in the re-exfoliation of the graphite

electrode.

(2) For the first set of samples (GO1–GO3), where

sulfuric acid concentration was increased by

increasing the molarity of the solution, the GO

exfoliation rate increased with the molarity.

(3) In the second set of samples (GO4–GO8), the

sulfuric acid concentration was kept constant at

0.5 M and the pH of the electrolyte was

changed by the addition of NaOH. The addi-

tion of OH- ions helps in exfoliation. On the

other hand, the presence of Na? ions, in excess,

hinders the mobility of the sulfuric acid, thus

reducing the exfoliation. GO4 showed the

highest rate of exfoliation.

(4) The third set of samples (GO9–GO12) was

exfoliated at a constant pH of 2.5 with increas-

ing molarity of sulfuric acid, where the maxi-

mum exfoliation rate was obtained 0.5 M.

(5) XPS and FTIR analysis showed the presence of

various functional groups on edges and basal

planes of graphene depending on the exfolia-

tion conditions.

(6) TEM images revealed different morphologies of

the sheet from flat sheet to folded sheet to

nanoscroll to nanoribbon depending on the

processing conditions.

(7) In ethanol, the dispersion of GO samples

showed stability more than 11 months irrespec-

tive of oxygen loading or synthesis condition.

Figure 16 Regime map for different geometries of GO observed at different pH conditions.
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