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a  b  s  t  r  a  c  t

Among  natural  graphite  varieties,  needle  platy  vein  graphite  (NPG)  has  very  high  purity.  Therefore,
it  is readily  used  to prepare  graphene  oxide  (GO)  and  reduced  graphene  oxide  (rGO).  In this  study,
GO  and  rGO  were  prepared  using  chemical  oxidation  and  reduction  process,  respectively.  The  synthe-
sized  materials  were  characterized  by X-ray  diffraction  (XRD),  atomic  force  microscopy  (AFM),  scanning
electron  microscopy  (SEM),  high-resolution  transmission  electron  microscopy  (HRTEM),  X-ray  photo-
electron  spectroscopy  (XPS),  and  Fourier  transform  infrared  (FTIR)  spectroscopy.  XRD  studies  confirmed
the  increase  of the interlayer  spacing  of  GO and  rGO in between  3.35  to  8.66  A◦. AFM  studies  showed
the  layer  height  of  rGO  to  be 1.05  nm  after  the  reduction  process.  TEM  micrographs  clearly  illustrated
educed graphene oxide
raphene oxide
hemical oxidation
hemical reduction

that  the  prepared  GO has  more  than  25 layers,  while  the  rGO  has  only  less  than  15  layers.  Furthermore,
the  effect  of chemical  oxidation  and  reduction  processes  on surface  morphology  of  graphite  were  clearly
observed  in  FESEM  micrographs.  The  calculated  RO/C of  GO  and  rGO  using  XPS  analysis  are  5.37%  and
1.77%,  respectively.  The  present  study  revealed  the  successful  and  cost  effective  nature  of  the  chemical
oxidation,  and  the  reduction  processes  for  the  production  of  GO and  rGO  out  of  natural  vein graphite.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Natural graphite is an important raw material that can be used
or many industrial applications [1,2]. At present, most of these
ndustries still use expensive synthetic graphite, rather than nat-
ral graphite resources. This is possibly due to the fact that there

s less awareness of the possibilities and practical procedures for
he use of these natural resources. However, the recent studies
arried out in the recent past revealed the possibility of produc-
ng high performing materials from natural graphite, or even as
arbon-based nanomaterials, such as graphene oxide [2,3]. Among
he countries possessing natural graphite resources, Sri Lanka is
enowned for its highly crystalline vein graphite with high natural

urity, in the range of 95–99% carbon. Therefore, there is a high
otential for the production of different industrial products at low
ost from these natural graphite resources [4,5]. The graphite has a

∗ Corresponding author at: National Institute of Fundamental Studies, Hanatana
oad, Kandy, Sri Lanka.

E-mail addresses: athulawijaya@gmail.com, athula@ifs.ac.lk
H.W.M.A.C. Wijayasinghe).

ttp://dx.doi.org/10.1016/j.apsusc.2016.10.008
169-4332/© 2016 Elsevier B.V. All rights reserved.
hexagonal layered arrangement of carbon atoms in the crystal
structure. In a plane, the C C spacing is 1.42 A◦ and the planes are
stacked in ABA Bernal stacking order with a layer distance of 3.34 A◦

[6]. In this crystalline structure, sp2 hybridized carbon atoms are
connected to each other by covalent bonds while the van der Waals
interaction act between the adjacent planes [7]. This outer-plane
weak interaction was allowed to slip on an adjacent plane in the
presence of mechanical stress. This property has made the graphite
suitable to use in many components which require high lubricat-
ing properties [7]. Furthermore, due to its hexagonal arrangement
of carbon atoms the unhybridized p-orbitals can form an electron
cloud throughout the lattice, which results in higher electrical con-
ductivity. The electrical conductivity can reach 25,000 S/cm and
in the range of 1000 S/cm for the plane of a single-crystal and
dense polycrystalline graphite [7,8]. From this material, expanded
graphite can be produced using a chemical oxidation process,
and it is considered as a graphite intercalation compound [8–10].
Graphite can be expanded by the processes such as intercalation of

strong acids with microwave irradiation, chemical oxidation and
ultrasound irradiation [10,11]. In this study, expansion of graphite
was carried out with a chemical oxidation technique, using 98%
H2SO4, 85% H3PO4 and KMnO4 [9]. This process is highly effective

dx.doi.org/10.1016/j.apsusc.2016.10.008
http://www.sciencedirect.com/science/journal/01694332
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o reduce the van der Waals interaction in between planes, which
s inversely proportional to the interlayer spacing, thus increasing
he interlayer distances [10]. A single layer of graphite has excel-
ent mechanical, electrical, thermal and optical properties, and a
igh specific surface area. Chemically modified graphene (CMGs)
nd their colloidal suspensions allow them to be used in poly-
er  composites, ultra-high capacitors, hydrogen storage materials,

echargeable batteries, conducting inks, thermal management, and
hemical/biosensors [2,12].

Natural vein graphite can be categorized into four main struc-
urally distinct varieties, which are namely: needle platy graphite
NPG); shiny slippery fibrous (SSF); coarse flake of radial (CFR); and
oarse striated flaky (CSF) graphite [4,5]. Among these four vari-
ties, NPG has the highest natural purity of around 99% [1]. NPG
raphite typically exists in the mid-area of graphite veins and it
an easily be separated manually.

While the production of graphene oxide (GO) and reduced
raphene oxide (rGO) have been typically created from synthetic
nd flake graphite, high purity natural vein graphite has yet to be
tilized fully. Therefore, the objective of the present study was to
ynthesize GO and rGO from high purity NPG variety of natural vein
raphite by developing feasible and cost-effective methods.

. Experimental

For the present study, improved Hummer’s method was used
o produce GO [3]. NPG variety of Sri Lankan vein graphite was
sed as the starting material. All the acids (98% H2SO4 and 85%
3PO4), oxidizing agents (KMnO4 and 40% H2O2), 99.8% N,N-
imethylformamide (DMF) and 65% hydrazine monohydrate used
or this study were purchased from Sigma-Aldrich.

Preparation of graphene oxide (GO) was carried out using chem-
cal oxidation method, and for that 3 g of NPG were mixed with 18 g
f KMnO4, and 360 ml  of 98% H2SO4 and 40 ml  of 85% H3PO4 [9,13].
hen the mixture was stirred at 60 ◦C for 12 h and allowed to cool
own to 30 ◦C. Then 4 ml  of H2O2 was added into a separate beaker
ith 250 ml  of deionized water and the prepared graphite mixture
as added slowly into this beaker while stirring. The mixture was

llowed to settle by keeping for six hours. Finally, the prepared
ample was filtered and dried in a vacuum oven at 60 ◦C for 2 h
14,15]. Reduced graphene oxide (rGO) was prepared using 1 g of
O synthesized under the previous step. The GO sample was  soni-
ated with 40 ml  of N,N-dimethylformamide (DMF) for 1 h. Then it
as stirred with 10 ml  of hydrazine monohydrate at 80 ◦C for 12 h.

inally, the sample was washed with distilled water until the pH
ecame 7 and then dried in a vacuum oven at 60 ◦C for 2 h.

The prepared materials were characterized by powder X-ray
iffraction (XRD) (Rigaku-Ultima IV X-ray diffractometer) with a
tep size 0.02◦ and Cu K�1 radiation to evaluate the expansion of
raphite layers. The morphology of the samples was  analyzed by
tomic force microscope (AFM) (Nanoscope Multimode 8) with the
ilicon nitride cantilevers with the ring constant of 0.4 N/m. The
urface of the samples was studied by EEVO/LS 15 ZEISS scanning
lectron microscopy (SEM). High-resolution transmittance elec-
ron microscopy (HRTEM) images were obtained by a JEM-2100
lectron microscope, at an accelerating voltage of 200 kV. Spec-
mens were prepared by dispersing powders in ethanol to form

 suspension, and followed by ultrasonication for 1 h. The high-
esolution images of periodic structures were analyzed and filtered
y the fast Fourier transformation (FFT) method. The FTIR spectra

ere measured using Fourier transform infrared (FTIR) spectropho-

ometer (Nicolet 6700) with attenuated total reflectance to analyze
unctional groups attached to graphite surface. The elemental com-
osition of the material surface was studied by PHI 5000 X-ray
2-Theta  / Degrees

Fig. 1. X-ray diffractograms obtained on rGO, GO, and NPG.

photoelectron spectroscopy (XPS) Al-Mg anode. The samples were
dried in vacuum before obtaining measurements.

3. Results and discussion

The X-ray diffractograms (XRD) obtained for NPG, GO, and rGO
samples are shown in Fig. 1. The corresponding diffraction peaks
were identified by comparing with the standard JCPDS data of
graphite (JCPDS no. 23-64) [16,17].

The sharp diffraction peak appeared at 2� = 26.6 A◦ of NPG vein
graphite variety confirms the existence of graphite phase [17,18].
Further, the existence of a sharp, narrow peak with the absence
of any residual phase seen in this diffractogram of NPG, indicates
that this graphite is highly crystalline, and has very high purity, and
lacks of mineral inclusions [19]. This can be due to the fact that the
NPG is found in the middle part of the graphite vein. Thus, there
is a high possibility for the existence of highly crystalline graphite
with higher purity, because of less influence from the wall rock.
Formation of GO leads to the expansion of graphite layers during
the oxidation process [20–22]. Once the oxidation process is com-
pleted, the crystal structure has changed while oxygen-containing
functional groups have been introduced into interlayers [23].

As seen in Fig. 1, the major peak of GO has shifted to the left com-
pared to that of NPG, indicating an expansion of the interlayer space
of graphite. It indicates that the method used in the present study
can produce highly oxidized GO from NPG. Our resulted GO exhibits
its major peak at 2� = 10.23◦ with the interlayer spacing of 0.866 nm
of (001) plane [21,23,24]. This major peak is a board peak typical to
GO and this type of peak broadening in the diffractograms can be
observed in GO and rGO, due to the decrease of the crystal size into
the nanoscale during the synthesis process. Further, in the X-ray
diffractogram of the rGO sample, the main diffraction peak appears
at 2� = 25.36◦ with a corresponding interlayer spacing of 0.350 nm.
It indicates a successful reduction of GO into rGO. This broad peak

indicated that the rGO nanosheets are exfoliated into a monolayer
or of few layers of rGO and resulted in a new lattice structure which
is significantly different from the NPG and GO [18,25]. These results
indicate that the pre-exfoliation of vein graphite directed to the dif-
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Fig. 2. FESEM micrographs of NPG and the synthesized products at different m

erent interlayer spacing for GO is possibly due to the difference in
he content of intercalated oxide functional groups [18,25].

The FESEM micrographs show (Fig. 2) the morphological differ-
nces between NPG, GO, and rGO. The layer stacking of NPG is not
ell distinguished, may  be due to the densely packed planes. Fur-

her, it is seen that the graphite particles have very sharp edges and
mooth surfaces in their raw form (Fig. 2(a) and (b)).

As discussed under the XRD study above, the different d-spacing
f GO depends on the degree of oxidation. After the chemical oxi-
ation, the layer distance enlarges and GO will crimp, while the

nterlayer Vander-Waal force reduced [22,26]. The TEM image of
O shown in Fig. 4(b) will also give evidence for the existence of

his crimp like structure in GO. As shown in Fig. 2(c) and (d), the
O synthesized in this study shows a loosely bonded nature. Also,

he FESEM micrographs (Fig. 2) obtained on the synthesized rGO
how a further expansion of the layers and the sharp edges present
n graphite has disappeared during the oxidation process and all
dges have become smoother. The GO prepared in this study shows
ome distinct changes in the physical appearance, especially the GO
urface appears more puffed and shrunken.

The FESEM images of rGO given in Fig. 2(e) and (f) shows sepa-

ation of layers into a few number of sheets with a flower petal-like
ppearance. Generally, rapidly build up thermal vibrations divert
he nanoparticles into the micron scale, and changes the two-
imensional (2D) crystallites into a variety of stable 3D structures
fications (a), and (b) from NPG, (c) and (d) from GO and, (e) and (f) from rGO.

[27]. Accordingly, rGO layers are naturally crumpled and flexible,
in contrast to graphite [26,27]. FESEM images of the rGO show
(Fig. 2(e) and (f)) detached thin layers. This detached and folded
appearance of thin layers of rGO further be seen in the TEM images
shown in Fig. 4(c) and (d). However, they occur as aggregates of
fine particles formed during the reduction process.

AFM was used to clarify the lateral dimension, layer thickness
and the topographical features of the GO and rGO. This study was
carried out in air using silicon nitride cantilever. A drop from GO
and the rGO dispersion was cast on a silicon substrate and allowed
to dry completely in air for 30 min, in which a small amount of dust
presented on the surface as seen in the bright spots in Fig. 3(a) and
(b). Cross-sectional analysis of the AFM micrographs indicates the
presence of individual sheets of GO with a layer thickness of around
1.2 nm which corresponds to a single layer of GO (Fig. 3(a)).

Fig. 3(b) shows the AFM image of rGO, which displays plenty
of individual graphene sheets with an average layer thickness of
1.05 nm,  corresponds to a single layer graphene. However, when
compared to GO, the synthesized rGO shows a wrinkled and aggre-
gated nature with very low layer thickness, which may  be due
to the differences in exfoliation behavior and other factors [28].

The height of GO is not constant, however, and the carbon lay-
ers in GO consist of two kinds of states, aromatic regions with
unoxidized benzene rings and aliphatic regions with six-membered
carbon rings [21,28]. However, the degree of oxidation is propor-
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Fig. 3. AFM micrographs of (a) GO and (b) rGO.
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ig. 4. Low-magnification bright-field TEM images of (a) GO and (c) rGO specimens 

f  the folded edges of GO and rGO, respectively.
ional to the number of hydrophilic sites present in the basal plane
f graphite [28,29]. It should be noted that the spider-like feature
different from the SEM images) might be related to the sample
reparation method, where small rGO sheets shrink while drying.
nsets of corresponding [0001] electron diffraction patterns. (b), and (d) TEM images
The morphology and crystal structure of the GO and rGO were
investigated by transmission electron microscopy (TEM), and the
results are shown in Fig. 4. The GO sample shows a wrinkled sur-
face, caused by the overlapping sheets. On the other hand, the rGO
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Fig. 5. XPS survey spectra of NPG graphite, GO and r GO.

Table 1
Atomic concentrations of O1s, C1s and their ratios obtained by XPS survey spectra.

Sample ID Elements (at%) O/C ratio

O1s C1s

NPG 2.31 97.44 0.23
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GO  33.89 63.09 5.37
rGO  13.99 78.77 1.77

ample exhibits a rather wavy and crumbled structure, which is
onsistent with the SEM results. The size of the sheets is in the
anges from 1.1 to 2 �m for GO and 2 to 8.5 �m for rGO. The Insets
n Fig. 4(a) and (c), correspond to the (001) selected-area electron
iffraction (SAED) patterns.

Both of the prepared GO and rGO show six-fold symmetry
iffraction spots, indicating the crystallinity in nature. Note that
hese diffraction patterns were acquired in an area of 1.5 �m in
iameter. The lattice parameters of GO and rGO were measured to
e 0.232 ± 0.003 nm and 0.249 ± 0.053 nm,  respectively, which are
lmost the same as reported in the literature [15,21]. To quantify
he number of layers in graphite/graphene, the number of folds
t the edge of the flakes/sheets in high-resolution TEM images
(HRTEM) (Fig. 4(b) and (d))] were counted [23]. It was counted
o be more than 25 layers for GO, while rGO has less than 15 layers.
gain, these results can be correlated to its exfoliation behavior and
atched with the results obtained under the XRD study.
X-ray photoelectron spectroscopy is a facile and effective quan-

itative method to determine the elemental composition of a
aterial surface. The XPS spectrum obtained on the synthesized GO

ndicates the level of oxidation relative to the level of organic func-

ional groups attached to a graphite structure [8,14]. The survey 1s
Su1s) spectrum of GO represents (Fig. 5) the presence of carbon,
xygen, nitrogen and sulfur containing functional groups in the pre-
ared GO material. Table 1 shows the atomic concentrations of O1s,

able 2
PS analysis summary of the binding energy observed in C1s spectra for graphite, GO, an

Sample ID C1s peak assignment with corresponding B.E (eV)

C C/Sp2 C C/Sp3 C O C 

NPG 284.30 284.4 285.34 

GO  284.05 284.7 285.5 

rGO  284.68 285.45 – 
Fig. 6. C1s core level XPS spectra of NPG, GO, and rGO.

C1s and their ratios for all the samples. It was  found that NPG con-
tains 2.31% of oxygen, and after the chemical oxidation, the oxygen
concentration increased up to 33.89% along with the reduction of
the carbon content [14,30]. Also, it was clearly seen that the ratio of
oxygen to carbon concentration increased from 0.23% to 5.37% dur-
ing the chemical oxidation of graphite. This results clearly suggest
that the chemical oxidation process exfoliated the vein graphite
and a large amount of oxygen functional groups were introduced
on the surface of the vein graphite. However, the oxygen concen-
tration was reduced up to 13.99% after the reduction of GO into rGO.
Further, the ratio of oxygen to carbon concentrations was  decreased
from 5.32% to 1.77% during the chemical reduction. In order to
identify the different functional groups, which were formed on
the graphite surface, on either the basal or the edge plane dur-
ing the chemical oxidation and reduction process, de-convolution
of the high level of C1s core level spectra of NPG, GO, and rGO
samples were carried out and results are presented in Fig. 6. The
de-convolution of C1s spectra into different binding energies (B.E.)
with their peak assignments are summarized in Table 2.

The C1s spectrum of GO (Fig. 6) corresponds to five bands, which

correspond to the functional groups of: carbon Sp2 (C C, 284.05);
carbon Sp3 (C C, 284.70); ether (C O C, 285.50); carbonyl (C O,
286.13); and carboxylates (O C O, 288.65) [14,16,24]. But, after

d rGO samples.

O C O C O C O C N

– 286.17 – –
288.65 286.13 – –
– – 290.15 287.38
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[

[12] Z. Ying, X. Lin, Y. Qi, J. Luo, Preparation and characterization of
Fig. 7. FTIR spectra of NPG, GO, and rGO.

he reduction process, the Sp2 peak of GO (Fig. 6) disappeared, and
he O1s peak reduced significantly [30].

The XPS spectra of the rGO (Fig. 6) shows peaks at 284.68 eV,
85.45 eV, 287.38 eV and 290.15 eV corresponds to the C C Sp2,

 C Sp3, C N, and C O, respectively [8,16]. The peak position
elonging to the C N bond corresponds to the excess of hydrazine
resent in the freshly prepared rGO [8]. They are referenced by to
he Nitrogen atom, which is located into the � conjugated system
nd contributes to the � system with one or two p-electron [8,14].
he functional groups obtained from de-convoluted core level C1s
pectra of GO and rGO are consistent with the results obtained from
TIR analysis. Considering the FTIR and XPS analysis of both mate-
ials, it further confirmed the formation of a significant structure
or both GO and rGO.

The peak C1s is higher than the O1s peak of rGO (Fig. 6). This
ndicates that the restoration of the rGO can be achieved by the
ncrease of Sp2 carbon content [20]. The oxygen to carbon ratio

as determined from the C1s atomic concentration values in both
O and rGO [27]. The chemical reduction of hydrazine acts as a het-
roatom and is highly effective for removing the oxygen functional
roups, which tend to remain covalently bonded to the surface of
he rGO in the form of hydrazine [16].

The Furrier transform infrared (FTIR) spectra given in Fig. 7
hows a weak absorption peak around Vmax/cm−1 674.1 corre-
ponding to the bending of the aromatic C H bond. The medium
eak absorption around Vmax/cm−1 1642.1 is related to aromatic

 C stretching bonds present in the graphite. Also, according to
he hybridization present in the graphite doubly splits peak around
max/cm−1 2300–2400 are related to the stretching of Sp3 and Sp2

ybridized C H bonds present in graphite [8].
The FTIR spectrum of synthesized GO is shown in Fig. 7. When

he FTIR spectra of GO is compared with that of NPG, a strong peak
an be seen near V max/cm−1 1120, which corresponds to the C O
tretching vibration. It is an indication of alcohols, carboxylic acids,
sters, or ethers. In these experimental conditions, it could possi-
ly be of alcohols or carboxylic functional groups. Also, several new
trong peaks are present between Vmax/cm−1 1650 and 1750, which
re in the wave number region of C O stretching vibration. This
s an indication of the presence of carbonyl groups. Also, several
ther strong peaks can be seen between Vmax/cm−1 3600–3800,
hich are related to the O H stretching or free hydroxyl units. It is

n indication of alcohol or phenol functional groups present in pre-
ared GO sample. The peaks present in FTIR spectra of NPG graphite
Fig. 7) around 1600 cm−1 are also present in the FTIR spectra of
O. These peaks are in the wave number region of C C stretching

in–ring) vibrations and they represent non-oxidized carbon rings.
t indicates the incomplete oxidation of graphite.
As for the structure of rGO, it has the two resonance structures;
iene and dienophile. Fig. 7 shows the FTIR spectra of reduced
raphene oxide (rGO) prepared by GO. Here the synthesized mate-

[
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rials show the existence of weak peaks in the range of Vmax/cm−1

650–800, which indicate the presence of variable bending absorp-
tion of aromatic C H. The rGO has a major peak when compared to
graphite and GO, and it lies between Vmax/cm−1 1450–1600 [8].

4. Conclusion

This study presented preparation of novel material of graphene
oxide (GO) and reduced graphene oxides (rGO) based on high
purity highly crystalline but low-cost needle platy (NPG) variety of
natural vein graphite. It is revealed here that the modified chem-
ical oxidation and the reduction methods as effective processes
for the production of GO and rGO from the selected natural vein
graphite. The interlayer spacing of the synthesized GO is relatively
large, due to more oxygenated functional groups introduced to the
carbon surface, which confirmed the formation of GO. The mor-
phological studies conducted using AFM, FESEM and HRTEM show
a packed sheet-like morphology of NPG vein graphite turned into
exfoliated grains during the oxidation process. The oxygen con-
tent increased with the oxidation without distortion of the lattice
structure was  also confirmed from HRTEM and SAED patterns. Fur-
thermore, XPS and FTIR analyses predict the degree of oxidation
of NPG vein graphite during oxidation and reduction, whereas the
oxygen bonded carbon component increased during the chemi-
cal oxidation and decreased during the chemical reduction of GO.
Altogether this study shows the ability to prepare high quality, few-
layer GO and rGO by using high purity highly crystalline but cheaper
natural vein graphite.
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