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a  b  s  t  r  a  c  t

In our research,  graphene  powder  was  prepared  by electrochemical  exfoliation  of  graphite
electrodes  immersed  in electrolyte  solution  of  a sulfuric  acid,  nitric  acid  and  distilled  water
(H2SO4/HNO3/H2O)  with  applied  +10  V for 50 min.  Graphene  powder  was  characterized
by  XRD,  Raman  spectroscopy,  AFM, SEM,  and  FTIR  to investigate  the  structural,  morpho-
logical,  and  chemical  properties.  The  XRD  analysis  was  showed  polycrystalline  structure
of  graphene  with  sharp  peak  at 2�= 26.61  and  broad  peak  at 2�=  54.68  along  (002)  and
(004)  orientation  respectively  which  was  consistent  with  the  interlayer  spacing  of  nor-
mal  graphite.  Raman  spectrum  was  demonstrated  two  intensive  peaks  at 1580  cm−1and
1354  cm−1 for IG and  ID confirmed  with  graphitic  carbon-based  materials.  The  AFM  and
SEM  were  exhibited  the  morphology  of  graphene  powder  has  different  shapes  and  sizes
with a few  agglomerates  of crumpled  and  rippled  structure.  FTIR  spectrum  showed  an
absorption  band  at 1643.41  cm−1 assigned  to the  C C  stretching  vibration  of  the  hexagonal
ring  also  there  were  oxygen-containing  functional  groups  such  as C O and  O H.

© 2016  Elsevier  GmbH.  All  rights  reserved.

1. Introduction

Graphene is a two-dimensional (2D) layer of carbon atoms ordered into a hexagonal structure called honeycomb lattice
[1]. Graphene, one of the allotropes (carbon nanotube, fullerene, diamond) of elemental carbon [2], is a planar monolayer
of carbon atoms with a carbon–carbon bond length of 0.142 nm [3]. Graphene exhibits superior electrical conductivity and
a high charge carrier mobility (20 m2 V−1 s−1) [4] because electron tunneling occurs within its structure allowing electron
movement at relativistic speeds. It has been reported to have the fastest electron and hole mobility than any other material
[5]. It also has a high specific surface area (2630m2 g−1), which could be likened to that of a soccer pitch per gram) [6],
excellent mechanical strength and stiffness, good elasticity, superior thermal conductivity, a broad electrochemical window
and can offer as optical transparency [7]. A particularly promising graphene production technique is based on the obtainment
of colloidal suspensions from graphite, or its derivatives [8]. In spite of other methods like epitaxial growth, chemical
vapor deposition, and micromechanical exfoliation, this approach is both scalable, affording the possibility of high-volume
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production, and versatile in terms of chemical functionalization, which, on the other hand, is sometimes exploited to favor
graphene obtainment and its dispersion [9]. The electrochemical approach has the advantages of being single-step, easy
to operate, environmentally friendly (if using ionic liquid electrolytes or aqueous surfactants) and operates at ambient
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Fig. 1. Experimental setup of electrochemical exfoliation technique.

onditions [10]. Highly controllable flakes can be formed without the need for volatile solvents or reducing agents. The
rocess can take several minutes to hours to complete and the reported results are encouraging for the fast-processing of

arge quantities of graphene flakes [11]. The electrochemical method utilizes a liquid solution (electrolyte) and an electrical
urrent to drive structural expansion (oxidation or reduction), intercalation and exfoliation at a piece of graphite (rod, plate,
ire) to produce graphene flakes. The experimental arrangement uses a monopolar, undivided electrolysis cell. The yield,
roductivity and properties of graphene flakes can be tuned by controlling the electrolysis parameters and electrolytes [12].

n this paper we attempted to prepare graphene by using graphite (pencil) as anode and cathode electrodes and immersed
nto the electrolyte solution (HNO3,H2SO4 and H2O), which will act as intercalate and studying the structural, morphological,
nd chemical properties.

.  Experimental details

Electrochemical exfoliation was carried out in an electrolysis cell shown as Fig. 1. This cell has graphite electrodes (pencil)
s anode and as cathode and the separation distance between graphite electrodes was fixed at 4 cm shown as Fig. 2(a). These
lectrodes were immersed in electrolyte solution of sulfuric acid H2SO4 (0.69 gm)  and nitric acid HNO3 (0.19 gm)  dissolved
o 1000 ml  of de-ionized water to make pH solution value around 3 at room temperature. The electrochemical exfoliation
as done by first applying DC voltage of +1 V for 5 min  and then we increased the voltages for 5 min  +1 V until reached

10 V at 50 min. The application of high voltages on the anode resulted in the gradual exfoliation of graphite through edges.
fterwards, the graphene foam was extracted from electrolysis cell demonstrated in Fig. 2(d) and dried by using vacuum
ven at 200 ◦C for two hours.

.  Material characterization

Structural  properties were performed by X-ray Diffraction (XRD) according to the Joint Committee on Powder Diffraction
tandards (JCPDS) card, using Shimadzu XRD-7000 X-ray diffractometer using CuK� (� = 1.54050 A◦) irradiation operated at
0 kV and 30 mA  and by Raman spectrometer (Sentera Raman microscope Bruker co., Germany), which is double monochro-
atic instrument use a green laser (� = 532 nm) as an excitation source. Morphological properties were characterized by

canning electron microscopy (SEM) (The VEGA Easy Probe) and atomic force microscopy (AFM) using a scanning probe
icroscopy (CSPM-5000) instrument. Chemical properties measured by Fourier transform infrared (FTIR) spectra with KBr

isc were recorded using: FT-IR-8400S Shimadzu in the range of 400–4000 cm−1 at room temperature.

.  Results and discussion

.1.  Structural properties
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Fig.  3 shows the XRD pattern of graphene powder prepared by electrochemical exfoliation method, the XRD exhibited
he structure of graphene is polycrystalline has two  peaks, a strong sharp diffraction peak at 2�= 26.61 ◦, corresponds to
n interlayer distance of 3.346 ◦A for (002) which is consistent with the interlayer spacing of normal graphite according to
CPDS card (230064), which has interlayer distance equal to 3.35 ◦A and a weak and broad diffraction peak at 54.68 ◦ of 2�
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Fig. 2. (a) Photo of graphite electrodes before exfoliation and (b) after exfoliation process. (c) photo of the dispersed graphene sheets in aqueous solution
after  applying +2 V for 10 min and (d) after applying +10 V for 50 min  e) dried graphene powder.
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Fig. 3. XRD pattern of graphene powder.

corresponding to the interlayer distance of 1.67 ◦A along the (004) orientation. The crystallite size of graphene has been
measured by applying the full width half maximum (FWHM) of the peak into Eq. (1) [13].

L = k�

Bcos�
(Scherrer  Eq.) (1)

where L is crystallite size (nm) equal to 11.85 nm, B is FWHM and k is a constant (k = 0.89). Furthermore, the strain (ε%) of
the nanocrystalline graphene along the c-axis can be calculated using the following Eq.:

w

Micros strain (ε%) = c − co

co
(2)
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Fig. 4. Raman spectrum of graphene.

here c is the lattice constant of the strained graphene calculated from XRD data by using Eq. (3) equal to 6.692 ◦A and co

s the unstrained lattice constant for hexagonal graphite are reported in JCPDS standard data co = 6.72 Å)

1
d2

= 4
3

×
(

h2 + hk + k2

a2

)
+ l2

c2
(3)

The obtained value of strain was −0.0041 for (002). A negative value is associated with compression strain. The low value
f the compression strain revealed that the graphene referred to grow along the c-axis, and gave evidence of a high-quality
rystal resulting.

Raman  spectroscopy is a non-destructive technique that is widely used to obtain structural information about carbon-
ased materials [14]. Raman spectrum of graphene obtained at an excitation wavelength of 532 nm is shown in Fig 4. The main
eatures in the Raman spectrum of graphitic carbon-based materials are the G and D peaks and their overtones. The first-order

 and D peaks, both arising from the vibrations of sp2 carbon, appeared at around 1580 cm−1and 1354 cm−1, respectively.
he  G peak corresponds to the optical E2g phonons at the Brillouin zone center resulting from the bond stretching of sp2
arbon pairs in both, rings and chains. The D peak represents the breathing mode of aromatic rings arising due to the defect
n the sample [15]. The shift and shape of the overtone of the D peak, called as 2D peak around 2714 cm−1, the 2D peak is
ttributed to double resonance transitions resulting in the production of two phonons with opposite momentum. Further,
nlike the D peak, which is Raman active only in presence of defects, the 2D peak is active even in the absence of any defects.

 defect-activated peak called D + G is also readily visible near 2900 cm−1. The domain size was calculated using the Tuinstra
nd Koening relation [16].

La = IG
ID

C� (4)

here C� = C (514.5 nm)  ≈ 4.4 nm (C is the pre-factor) and La is the domain size. The intensity of the D and G peaks were
stimated by fitting the spectrum. The film had a domain size of 5.13 nm.  The intensity ratio of D band to G band, namely the

D/IG ratio, provides the gauge for the amount of structural defects, our graphene powder was found to have an ID/IG ratio
f 0.8443 this value agreement with previous research [7,9,12].

.2.  Morphological properties

Atomic  force microscope is a significant tool for the characterization of the surface morphology. Fig. 5 shows a typical three
nd two dimensional AFM image of graphene powder prepared by electrochemical exfoliation method with grain size equal
o 86.89 nm and average surface roughness is 0.336 nm,  its small amount due to effect of heat treatment during graphene
owder drying. AFM showed the presence of irregularly shaped graphene sheets of non-uniform thicknesses having lateral
imensions ranging to a few nanometers

The surface morphology of the graphene powder grown also was  investigated using the SEM as shown in Fig. 6. We
bserve the non-uniform distribution of particles in size and shape as it will be confirmed by AFM images, could be described
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s a collection of high density 3D clusters with a few agglomerates over the surface with different shapes, heights and
izes revealing a crumpled and rippled structure which was the result of deformation upon the exfoliation and restacking
rocesses.
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Fig. 5. 3-D and 2-D AFM image for graphene powder.
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Fig. 6. SEM image of graphene powder at scale bars = 5 �m.

4.3. Chemical properties

FTIR spectroscopy is presented as a non-destructive analytical tool to determine the chemical bonds between atoms
in materials. Transmission FTIR spectrum of graphene in a range of 400–4000 cm−1 are shown in Fig. 7. There are a two
peaks at 2865.67 cm−1 and 2918.4 corresponding to stretching vibration of C H bonds in the high frequency area together
with a sharp peak at 1465.95 cm−1 corresponding to the bending vibration of C H groups of water molecules adsorbed
on  graphene. While the presence of two absorption peaks observed in the medium frequency area at 1643.41 cm−1 and
1095.6 cm−1 can be attributed to the stretching vibration of C C aromatic groups and C O of carboxylic acid and carbonyl
groups  respectively. Finally, Fig. 7 shows a broad peak at 3446.91 cm−1 corresponding to the stretching vibration of O H
bonds. These results are consistent with those reported earlier by Leila et al. [14], Mohammad et al. [17], and Satish et al.
[18]. The presence of this types of oxygen functionalities with graphene may  be caused by incomplete of heat treatment
process.

5. Conclusions

www.s
We  reported the formation and characterization of graphene powder synthesized by electrochemical exfoliation of
graphite, this method was easy, controllable, and single step process. The structural properties showed good crystalline
quality for graphene determined by XRD and Raman spectroscopy. The morphological properties exhibited nanostructure
of graphene powder with different sizes characterized by SEM and AFM. FTIR spectrum showed the presence of C C bond
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Fig. 7. FTIR transmittance spectrum of graphene as a function to wave number.

hich indicates the formation of graphene, also presence of different types of oxygen functionalities with graphene such as
 O, and O H bonds.
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