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A B S T R A C T

A systematic study of the electrochemical reduction of graphene oxide was performed. The

graphene oxide was reduced electrochemically in phosphate buffer solution by applying

potential of �0.8 V for different times. The graphene oxide and the electrochemically

reduced graphene oxide were characterized using ex-situ field-emission gun scanning elec-

tron microscopy, in-situ Raman scattering and in-situ atomic force microscopy. Raman scat-

tering showed that the reduction process is accompanied by an increase in the ratio

between the D and the G bands of graphene, while the microscopies analyses revealed that

the reduction procedure promotes changes in the morphology of the graphene oxide sheets

that lead to an increase of the system roughness. Electrochemical impedance spectroscopy

showed that reduction of graphene oxide promotes a decrease of the charge-transfer resis-

tance upon electrochemical reduction. This observation was in agreement with the

changes observed using cyclic voltammetry, which showed a reduction process improve

the reversibility and increase the current peak. The increase in the roughness and an

improvement of the electronic mobility brought upon electrochemical reduction are a func-

tion of the increase in the edge plane-like defects in the graphene layers.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

In the last years, the possibility to develop electrochemical

devices based on the use of graphene nanosheets has

attracted much attention. Graphene, a single layer of sp2 car-

bon atoms with a high electron mobility

(2.0 · 105 cm2 V�1 s�1) [1] due to its p-conjugated two-dimen-

sional structure, has been the object of intensive research.

Graphene has been described as structurally malleable, its

electronic, optical and phonon properties making it an inter-

esting material for applications such as solar cells [2], displays
[3] and optoelectronic devices [4]. Graphene is also a zero-gap

semiconductor. Oxidation of graphene, and the consequent

formation of covalent C–O bonds, creates a band gap whose

width can be tuned by varying the degree of oxidation.

Graphene oxide (GO) is a p-type semiconductor, but it can

be converted to an n-type semiconductor by replacing some

of the oxygen functionalities by nitrogen-containing groups.

This allows GO to be used either as an n- or as a p-type [5]

material in photovoltaic systems [6].

From an electrochemical point of view, interesting proper-

ties of graphene are its wide potential window (i.e., its
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electrochemical inertness), its fast charge transfer, and its

electrocatalytic activity [7]. These characteristics make of gra-

phene the most widely investigated material for applications

in electrochemical devices, such as photoelectrochemical

solar cells [8], supercapacitors [9], fuel cells [10], anode for pol-

lutants degradation [11], and electrochemical sensors [12] and

biosensors [13].

Graphene can be produced using physical or chemical

methods. The most common physical method is graphite

exfoliation, including micromechanical [14], sonication [15],

microwave [16] and thermal exfoliation [17]. Chemical syn-

thesis includes epitaxial growth using chemical vapor deposi-

tion (CVD) over different surfaces [18], as well as the

production of exfoliated graphene oxide (GO) in mineral acids

using oxidizing agents, as in the Hummers method [19].

However, GO produced by the latter method shows a low con-

ductivity and, consequently, a poor performance as an elec-

trode [20]. This fact is attributed to the existence of a high

concentration of oxygenated groups in the basal plane of

GO sheets, leading to the formation of electron traps which

decrease the charge transfer rate [21]. In order to obtain opti-

mal electrochemical properties, it is necessary to remove

these oxygen-containing groups, i.e., to reduce GO to a

reduced graphene oxide (RGO) form. RGO can be produced

thermally [22], or by chemical reduction using urea [23], ionic

liquid electrolyte [24], sodium borohydrate [25], or hydrazine

[26]. An electrochemical reduction procedure has also been

proposed, and it has been shown that it results in a more

efficient and greener elimination of the unstable oxygenated

groups from the GO surface [27], as compared with

chemical reduction [28]. When so prepared, the material

receives the name of electrochemically reduced graphene

oxide (ERGO).

Although electrochemical reduction has been extensively

used in the production of ERGO, there are few reports describ-

ing a systematic study of the effect of time and potential on

the resulting material. In some instances, it has been reported

that the removal of oxygenated groups, which leads to an

improvement of the electronic properties of GO, is associated

to changes in the morphology as a consequence of the reduc-

tion process. For example, very recently, den Boer et al. [29]

reported a systematic STM study of the reduction of GO, in

which it was revealed that the removal of oxygenated func-

tional groups leads to a decrease in the apparent roughness

(RMS). Recently, Casero et al. [30] have reported a method to

differentiate between GO, RGO, and ERGO, using electro-

chemical impedance spectroscopy (EIS).

Here we report a systematic study of the changes of

the ERGO surface morphology as a consequence of the

electrochemical reduction procedure, and correlate those

changes with its electrical characteristics. The changes in

the apparent roughness of a single GO flake after reduc-

tion at the optimal potential and time of �0.8 V and

30 min, respectively, were analyzed using ex-situ FEG-SEM,

in-situ Raman scattering, and in situ AFM. It was found

that an increase of the roughness, as well as of the ratio

between the D and G bands of graphene, accompany the

changes in the capacitance and charge transfer resistance

of ERGO, as measured with EIS and confirmed using cyclic

voltammetry (CV).
2. Experimental

2.1. Chemicals and solutions

All chemicals were of analytical grade and were used without

further purification. Analytical grade potassium ferricyanide

was obtained from Sigma–Aldrich. Phosphate buffer solution

(PBS, pH 7.0) of 0.1 mol L�1 ionic strength was used as sup-

porting electrolyte for the fabrication of ERGO, and for the

in-situ AFM and Raman scattering experiments. The graphene

oxide synthesis required graphite powder (<20 l), sodium

nitrate, sulfuric acid, nitric acid, potassium permanganate

and hydrogen peroxide, all of them purchased from Sigma–

Aldrich. All solutions were prepared with pure water from a

Millipore Milli-Q system (resistivity > 18.2 MX cm).

2.2. Synthesis of graphene oxide

Graphene oxide (GO) was prepared from graphite through a

modified Hummers method [19]. A mixture of graphite pow-

der (10.0 g) and sodium nitrate (10.0 g) was attacked with

400.0 mL of 1:3 volume concentrated solution of HNO3/

H2SO4 under magnetic stirring in an ice bath. Then, KMnO4

(50.0 g) was slowly added and the mixture was left reacting

under vigorous stirring during 2 h. Subsequently, the tem-

perature of the mixture was increased to 60 �C and the reac-

tion was allowed to continue at this temperature under

stirring for 30 additional minutes, before slowly adding

75 mL of H2O2 (30% v/v). Then, 100.0 mL of HCl solution

(10% v/v) and 900.0 mL of purified water were added to the

mixture, which was kept afterwards in a refrigerator at 4 �C
for 24 h. The light brown supernatant was collected and the

graphene oxide was separated by centrifugation at

10,000 rpm, and dried by lyophilization during 24 h.

2.3. Electrode preparation

The working electrodes were prepared by depositing GO on a

glassy carbon (GC) substrate (disks 3 mm in diameter for the

electrochemical measurements and 10 mm in diameter for

the in-situ AFM and Raman experiments). Prior to modi-

fication, the GC electrode surface was polished with 0.05 lm

alumina slurry, rinsed thoroughly with ultrapure water,

sonicated 3 min in acetone and 3 min in water, and dried in

air. Meanwhile, 2.0 mg of GO were dispersed in 1.0 mL of etha-

nol using ultrasonic stirring for 20 min. Aliquots of either

15 lL (3 mm diameter disk) or 50.0 lL (10 mm diameter disks)

of this dispersion were placed as a droplet on the GC surface,

and the solvent was then allowed to evaporate at room

temperature.

2.4. Electrochemical reduction

The electrochemical reduction of GO was performed poten-

tiostatically. The freshly prepared GC electrode modified with

the GO film was polarized at �0.8 V vs. Ag/AgCl (3 M KCl) for

different times. The resulting ERGO was characterized after

these reduction steps. For electrochemical characterization,

the electrode was removed from the cell, rinsed with Milli-Q

water and inserted in a different electrochemical cell
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containing the redox couple. In the case of the in-situ AFM and

Raman experiments, the reduction and the characterization

steps were performed in the same cell and using the same

solution (phosphate buffer, pH7).

2.5. Apparatus and procedure

CV experiments were performed using an Autolab poten-

tiostat, Model PGSTAT302 (Eco Chemie, Utrecht,

Netherlands), coupled to a personal computer and controlled

with NOVA software. A GC disk modified with a GO film was

used as the working electrode, a Ag/AgCl (3 M KCl) electrode,

to which all the potentials in the text are referred, was used as

reference, and a Pt plate was used as the auxiliary electrode.

Cyclic voltammograms were registered in 0.1 M

H2SO4 + 1.0 mM K3[Fe(CN)6] solutions in a potential range

from �0.2 to +0.8 V with a scan rate of 50 mV s�1. All experi-

ments were carried out at a controlled temperature of

25 ± 1 �C.

EIS data were obtained using a PC-controlled FRA2 (Eco

Chemie, Utrecht, Netherlands) frequency response analyzer

coupled to an Autolab potentiostat (model PGSTAT302, Eco

Chemie, Utrecht, Netherlands). The frequency of the AC wave

was scanned between 10 kHz and 10 mHz (10 data points per

frequency decade), with a 10 mV amplitude. The measure-

ments were carried out in 0.1 M H2SO4 + 1.0 mM K3[Fe(CN)6]

solutions. The impedance spectra were analyzed using the

EQUIVCRT software, and the Randles equivalent circuit was

used to fit the experimental results and determine the electri-

cal parameter values for each experiment.

In situ EC-AFM images were obtained using an Agilent AFM

series 5500 (Agilent Technologies). Imaging was carried out in

the acoustic AC mode (AAC mode) using a silicon cantilever

and Si tip (NanoSensors, Neuchatel, Switzerland) with a typi-

cal spring constant of C = 21 N/m and a typical resonance fre-

quency between 146 and �236 kHz. The in situ AFM studies

were carried out in an electrochemical cell in which the

AFM scanner was inserted from above. The AFM liquid cell

(Supplementary information S1) was made from Kelf-F and

has a circular hole 20 mm in diameter at its center, in which

the disk-shaped sample surface is kept in place with the help

two screws and retaining clips. A viton O-ring was used to

avoid leaks. The measurements were carried out with a

three-electrode setup. The working electrode was the disk

placed at the bottom of the cell, and the reference electrode

was a silver wire 0.25 mm in diameter immersed in the elec-

trolyte. The counter electrode was a Pt wire 0.25 mm in

diameter. The electrode potential was controlled using an

Autolab potentiostat (model PGSTAT302, Eco Chemie,

Utrecht, Netherlands) coupled to a personal computer and

controlled with NOVA software.

In situ Raman spectra were performed using the same elec-

trochemical cell described above and used in the AFM experi-

ments. The spectra were collected after different times of GO

electrochemical reduction, using a fixed sample support in

order to be sure that a single point of the graphene was ana-

lyzed. A Horiba/Join Yvon Labran dispersive Raman spec-

trometer equipped with an Olympus BX41 microscope was

used. The measurements were performed with excitation at

540 nm and using a 10· magnification lens. The spectra were
collected at Raman shifts between 1100 and 1850 cm�1 with

10 s and 10 cycles of exposure.

The ex-situ microscopies of the GO and ERGO were exam-

ined using Field-Emission Gun Scanning Electron

Microscopy (FEG-SEM) recorded with a FEG-Zeiss model

Supra 35 VP (Zeiss, Germany). The high-resolution transmis-

sion electron microscope images were recorded using a

ZEISS EM912 Omega e STEM, Germany).

3. Results and discussion

Comparison of ex-situ FEG-SEM images of a GO sample

recorded before (Fig. 1A) and after (Fig. 1B) the reduction pro-

cess at �0.8 V in phosphate buffer solution (PBS, pH 7.0) dur-

ing 30 min reveals a severe change in the morphology of GO.

In the high-resolution TEM image of the GO (Fig. 1C) it was

observed that the GO surface was completely flat. However,

in the TEM images of the ERGO (Fig. 1D), it was clear to

observe the presence of dark regions with high contrast,

showing that the surface became roughness.

Electrochemical reduction induces a considerable roughen-

ing, wrinkling and folding of GO. The purpose of the following

characterization is to understand the nature and conse-

quences of these changes.

Raman scattering has been successfully applied to carbon

materials as an efficient characterization method, including

the identification of single layer features and edge orientation

in graphene, strain evaluation, determination of doping con-

centration, as well as probing of electron–phonon interactions

[31,32]. In the present case, we used Raman spectroscopy

focused on a specific area of the sample, which allowed us

to monitor the amount of disorder caused by the

electrochemical reduction. The use of Raman microscopy is

necessary because different areas of a graphene sample with

different defect densities or different types of defects could

show different G-peak frequencies and FWHM, as well as

different ID/IG ratios, as observed by Cançado et al. [33].

Fig. 2A shows a sequence of in-situ Raman spectra collected

from a 100 lm2 area during the electrochemical reduction of

graphene oxide at �0.8 V. The typical G and D bands at ca.

1580 and 1350 cm�1, respectively, are clearly observed. As

expected, initially the G-band is more intense that the

D-band, since the former, related to E2g optical phonons of

the plane bond-tangential stretching motion of pairs of sp2

C-atoms [34], is the primary mode in graphene [35],

while the latter corresponds to the breathing mode of 6 sp2

carbon rings, and requires defects (bond–angle disorder,

bond–length disorder, or an heteroatom-induced change in

hybridization) to be activated. The D band is typically very

weak in graphite and graphene because of their crystal

symmetries [36].

The large intensity of the D-band in the spectra in Fig. 2A

indicates that there are many defects in the material.

Furthermore, upon electrochemical reduction the intensity

of the D-band increases considerably, while that of the G-

band decreases, but only slightly. This provokes an inversion

of the relative band intensity, which was observed to be a

function of reduction time, as clearly shown in the ID/IG vs.

time plot presented in Fig. 2B. The ID/IG ratio continually

increases with increasing reduction time at �0.8 V from an



Fig. 1 – Ex-situ FEG-SEM images of pristine GO (A) and of ERGO (B) after 30 min of potentiostatic reduction in phosphate buffer

solution (pH 7) at �0.8 V vs. Ag/AgCl (KClsat). Ex-situ TEM images of pristine GO (C) and of ERGO (D) with the same conditions

described above.
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initial value of 0.67. The increase is approximately linear at

short times, and levels off to 1.5 after 30 min of reduction,

remaining roughly constant at longer reduction times. As

described in the literature [37], the ID/IG ratio is related to an

increase in the disorder present in the material. In GO, sp3 car-

bon atoms occur bonded to oxygen-containing functional

groups, such as hydroxyl, carboxyl and epoxide. As reduction

proceeds, these bonds are broken and the oxygenated species

is most likely removed from the surface. In GO form, the

number of basal-plane graphitic regions is higher than the

edge-plane ones. The increase in the ID/IG ratio could be

related to different kinds of lattice defects whose concentra-

tion increases as the reduction proceeds [38]. The increase

in the ID/IG ratio suggests that the main effect caused by elec-

trochemical reduction is an increase in the number edge

plane-like defects in the graphene sheet. These lattice defects

are expected to have a direct influence in the electron mobil-

ity of the sample, because the resulting ribbons act as optical

waveguides or quantum dots, allowing electrons to flow

smoothly along the ribbon edges [39]. Hallam and Banks [40]

have shown that the electron transfer rate of the edge plane

is faster than that of the basal plane. Consequently, interfa-

cial electron transfer will be more effective in the presence

of a large amount of edge plane-like defects, and this quantity

will dictate the overall electrochemical properties of ERGO

[41].

The electrochemical effect of the reduction process on the

GO sample was evaluated using electrochemical impedance

spectroscopy (EIS). We chose to use the [Fe(CN)6]4�/3� redox

couple in solution, for which the charge transfer resistance

can be determined quantitatively, thus making the
interpretation of the experimental data easier than when

evaluating only interfacial capacitance in the absence of a

redox couple. The spectra were collected at +0.25 V, which

coincided with the open circuit potential (OCP) of the GO elec-

trode before reduction, after each reduction step at �0.8 V.

Fig. 3A presents the obtained results. As observed in

Fig. 3A, the Nyquist diagram consists of a semicircle at higher

frequencies, followed by a straight line with slope close to 45�
at lower frequencies, indicating a redox process under mixed

kinetic and diffusional control, as expected in the present

case at the potential employed. A decrease in the diameter

of the semicircle diameter with increasing reduction time is

clearly observed, which is related to a decrease in the

charge-transfer resistance, Rct. We have used an Ershler–

Randles equivalent circuit with a Warburg element in series

(Fig. 3A-inset), which has been proposed in the literature to

describe the electrochemical behavior of graphene [42,43],

although we found it necessary to replace the ideal double

layer capacitance by a constant phase element CPEdl, whose

impedance is:

ZCPE ¼ T�1ðiwÞ�a ð1Þ

with i ¼
ffiffiffiffiffiffiffi
�1
p

, w = 2pf, and T a frequency-independent propor-

tionality constant whose physical meaning is determined by

the value of the exponential factor, a [44]. The exponent

parameter a is usually smaller than 1, and the mean capacity

of the double layer may be estimated according to the Brug

formula [45]:

Cdl ¼ T1=a 1
Rs
þ 1

Rct

� �1�1=a

ð2Þ



Fig. 2 – (A) In-situ Raman spectra in phosphate buffer

solution (pH 7) of GO (black line) and of ERGO after 10 (red

line), 20 (blue line), 30 (pink line), 45 (green line), and 60

(violet line) min of potentiostatic reduction at �0.8 V vs. Ag/

AgCl (KClsat) in the same solution. (B) ID/IG ratio as a function

of reduction time. (A color version of this figure can be

viewed online.)

Fig. 3 – (A) Nyquist diagrams in 0.1 M H2SO4 + 1.0 mM

K3[Fe(CN)6] of GO (black line), and of ERGO after 10 (red line),

20 (blue line), 30 (pink line), 45 (green line), and 60 (violet

line) min of potentiostatic reduction in phosphate buffer

solution (pH 7) at �0.8 V vs. Ag/AgCl (KClsat). Inset:

equivalent electrical circuit. (B) Electrochemical impedance

parameters obtained from fitting the data in (A) to the

equivalent electrical circuit in the corresponding inset. (A

color version of this figure can be viewed online.)
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where Rs and Rct are the solution resistance and the resistance

of charge transfer, respectively.

The values of Rct, Cdl and a that result from fitting the

experimental EIS data to the equivalent circuit are shown in

Fig. 3B, an reflect the effect of the reduction time on the

structural and electronic properties of ERGO. It is evident from

Fig. 3B that the Rct of ERGO is reduced to 29% of the original

value for GO after 30 min of reduction at �0.8 V.

Previous studies have reported that GO is an insulating

material due to its disrupted sp2 structure [46,47], which leads

to a severe decrease in the charge carrier mobility. The

decrease in Rct associated to the reduction of GO observed

herein can be related to the increase in the conductivity of

ERGO due to the removal of oxygen and the partial restoration

of graphene’s sp2 structure, as has been observed using

XPS [48,49]. A similar behavior was reported by Casero et al.

[30], who performed EIS experiments with the aim of

comparing the photocatalytical and the electrochemical

methods of obtaining reduced graphene. These authors
observed Nyquist diagrams with profiles similar to those

reported here, and reported lower Rct values for ERGO than

for photocatalitically reduced GO. They observed an

approximately 3.5 times smaller Rct for ERGO than for GO,

with photocatalytically reduced GO showing intermediate

values closer to that of GO, which were attributed to an

incomplete reduction.

CV in 0.1 mol L�1 of H2SO4 containing 1.0 mmol L�1 of

K3[Fe(CN)6] was also used to characterize GO and ERGO (the

latter, produced after electrochemical reduction of GO in

PBS at �0.8 V during 30 min). As shown in Fig. 4, the oxidation

peak occurs on ERGO at a potential 0.095 V more negative

than on GO, which decreases the separation between the

reduction and oxidation peaks, DEp, of the [Fe(CN)6]3�/4�

redox couple from 185 mV on GO to 65 mV on ERGO. This

result is consistent with the decrease in Rct observed using

EIS. A 2-fold increase in the peak current on ERGO as



Fig. 4 – Cyclic voltammograms in 0.1 M H2SO4 + 1.0 mM

K3[Fe(CN)6] of (a) pristine GO and (b) ERGO after 30 min of

potentiostatic reduction in phosphate buffer solution (pH

7,0) at �0.8 V vs. Ag/AgCl (KClsat). (A color version of this

figure can be viewed online.)
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compared to GO electrode is also observed. The electrochemi-

cal areas of these two electrodes were evaluated by compar-

ing the respective peak current values following the

Randles–Sevcik equation [50]. This yielded an electroactive

area of 0.070 cm2 for the GO electrode and of 0,209 cm2 for

the ERGO electrode after 30 min of reduction at �0.8 V, in

qualitative agreement with previous studies.
Fig. 5 – In-situ AFM images in phosphate buffer solution (pH 7) o

and 60 (F) min of potentiostatic reduction at �0.8 V vs. Ag/AgCl (K

be viewed online.)
Fig. 5 shows AFM images of a single GO flake recorded after

different reduction times at �0.8 V. It can be clearly observed

in Fig. 5 that the reduction process provokes the flake to wrin-

kle and fold (see, e.g., the areas marked with arrows in Fig. 5),

in good agreement with the ex-situ FEG-SEM results reported

in Fig. 1.

Based on this information, we chose a region in which the

modification of the surface morphology appeared particularly

severe, and performed a deeper study of the changes in the

topography and roughness experienced by the flake upon

reduction. The results are illustrated in Fig. 6. Fig. 6A shows

topographic images of this region, as well as topographic line

profiles, of pristine GO, and of ERGO produced after 30 and

60 min of reduction at E = �0.8 V (GO, ERGO-30 and

ERGO-60, respectively). Line profile 1 falls completely within

the graphene flake, while line profile 2 goes from the surface

of the GC substrate into the surface of the flake. In both cases,

the profiles show a clear change in the flake’s roughness after

the electrochemical reduction step. In particular, the

height difference between the lower and higher lying areas

of the flake has increased by about 50%, when the profiles

for GO and those for ERGO after 60 min of reduction are

compared.

We also determined the apparent RMS roughness (Rq) of

the pristine GO and of ERGO produced after reduction steps

of different duration (Fig. 6B). A typical value of the Rq for

GO of 0.26 nm was found. Rq increases sharply with increas-

ing time at short reduction times, but levels off at a roughly

constant value of 0.72 nm after 30 min of reduction.
f pristine GO (A) and of ERGO after 10 (B), 20 (C), 30 (D), 45 (E),

Clsat) in the same solution. (A color version of this figure can



Fig. 6 – (A) In-situ AFM images in phosphate buffer solution (pH 7) of pristine GO, and of ERGO after 30 (ERGO-30) and 60 (ERGO-

60) min of potentiostatic reduction at �0.8 V vs. Ag/AgCl (KClsat) in the same solution. The images in the bottom row

correspond to a zoom into the areas within the squares in the top-row images. The figures labeled Topography 1 and

Topography 2 correspond to topographic profiles across lines 1 and 2, respectively, in the bottom-row images. (B) Plot

showing the dependence of the (RMS) roughness on the time of reduction at �0.8 V vs. Ag/AgCl (KClsat). (C) Plot showing the

dependence of the exponential factor (a) of the constant-phase element, as obtained from EIS, on the (RMS) roughness. (A

color version of this figure can be viewed online.)
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Comparison with EIS measurements allows us to provide a

link between the structural and electronic changes observed

upon formation of ERGO. Interestingly, a linear plot is

obtained when Rq is plotted versus a values, as obtained from

the EIS experiments described above (Fig. 6C). The non-
ideality (i.e., a value of a < 1) in the behavior of Cdl, as obtained

from the impedance spectra, can be related with high values

of the surface roughness factor [44]. In the present case, the

ERGO surface is composed by small cracked flakes, which

lead to high roughness values. Bidoia et al. [51] have proposed
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a direct correlation between the value of a and the surface

roughness, a correlation which is clearly observed in

Fig. 6C. This is, in our opinion, the first solid evidence that

both the wrinkling of the graphene flakes and the higher elec-

trochemical activity of ERGO, as compared with GO, have a

common origin, namely, the creation during the reduction

process of edge plane-like defects in the graphene sheet, as

evidenced by Raman scattering (see above).

The clear increase of the surface roughness of ERGO with

increasing reduction time reported here is in contradiction

with the recent report by den Boer et al. [29], in which the

local deoxygenation of GO via chemical reduction was

reported to induce a decrease in the apparent roughness.

However, we must emphasize that our AFM and Raman data

(which indicate that electrochemical reduction leads to an

increase of the number of defects and results in a pseudo

strain component) are consistent with each other in suggest-

ing that the GO surface becomes less planar after electro-

chemical reduction. The almost 3-fold increase of the Rq

after the electrochemical reduction step is consistent with a

previous report by Bagri et al. [52], according to which the

deoxygenation of GO causes a strain on the C–O bond, and

the removal of the functional groups results in the rupture

of the C–O bond, forming holes, defects, as well as five and

seven member rings, within the graphene structure. The so

generated strain provokes the graphene surface to bend and

wrinkle.

4. Conclusions

In conclusion, electrochemical reduction provoked a clear

wrinkling and folding of the GO surface, as revealed using

ex-situ FEG-SEM and in-situ AFM. These topographical modi-

fications occurred concomitantly with important changes in

the electronic and electrochemical properties of ERGO, as

revealed by EIS and CV, which were shown to be due to an

increase in the electronic mobility and in the electrochemi-

cally active surface area. In-situ Raman scattering revealed

that these changes are associated to an increase in the ID/IG
ratio, which we have attributed to an increase in the number

of edge plane-like defects in the graphene sheets due to the

rupture of bonds between carbon atoms and oxygen-contain-

ing functionalities, and the subsequent removal of oxy-

genated species from the surface, during the reduction

process. The creation of these defects must be the common

origin of the observed topographical modifications and

increased electronic mobility.
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