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ABSTRACT 

Graphene is a single layer of carbon atoms arranged in a two dimension hexagonal lattice. It appeared very quickly that 
this exceptional material had truly outstanding electronic, mechanical, thermal and optical properties. The main goal of 
this work is the confinement of graphene nanosheets in an individual polymeric nanofiber and the study of their vibra-
tional and thermal properties in one dimension. After their preparation, graphene sheets were mixed with Polyethylene 
oxide (PEO) solution to be electrospinned. The synthesized nanofibers were systematically investigated by Fourier 
transform infrared spectroscopy (FTIR) and Raman spectroscopy measurements and their morphology and structure 
were characterized by atomic force microscopy (AFM), optical microscope and Scanning Electron Microscope (SEM) 
and finally thermogravimetric analysis (TGA) to check G/PEO mass ratio and interactions to prove the capability of 
PEO to be a good envelope for the confinement and the alignment of graphene nanosheets in a one dimensional system. 
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1. Introduction 

Graphene, which has been considered a “rising star” ma- 
terial, has attracted considerable attention from both the 
experimental and theoretical scientific communities [1]. 
Because of their novel properties [2,3], such as excep- 
tional thermal, mechanical properties and high electrical 
conductivity, graphene sheets have been extensively used 
in synthesizing nanocomposites and fabricating various 
microelectrical devices like field-effect transistors [4] 
ultrasensitive sensors [5], transparent conductors [6], 
electromechanical resonators [7], energy storage and 
photovoltaic devices [8,9].  

One of the best ways for producing graphene suspend- 
sion is overcoming the enormous Van der Waals-like 
forces between graphite layers to yield a complete exfo- 
liation of graphite flakes and dispersing the resultant 
graphene sheets solution [10]. To accelerate the use of 
graphene and tailor its properties, various processing 
techniques such as film and paper depositions, surface 
modifications are well istablished and moreover the 
edge’s functionalization chemistry is known [10]. 

In this work we have used Electrospinning, the method  

of producing fibers with diameters in the range of 10 nm 
to 10 µm by accelerating a charged polymer jet in an 
electric field [11,12]. This method has attracted much 
attention due to the ease with which such nanofibers can 
be produced from either natural or synthetic polymers. 
Such fibers have numerous and diverse applications in-
cluding filtration and as composite materials. The large 
surface area to volume ratio of nanofibers makes them 
attractive as catalyst supports, sensors, drug delivery ap- 
plication and in tissue engineering [13]. Poly (ethylene 
oxide) (PEO) is used in this work due its low ionic con- 
ductivity (10−8 S/cm) and thermal stability. Our presented 
project may open the way for many applications by em- 
ploying the confinement of graphene sheets in one di- 
mensional nanochannel via a polymeric envelope re- 
movable by heat treatment or Ultra-Violet lithography. 

2. Experimental 

We have synthesized graphene solutions using our modi- 
fied hummer’s method [14], starting with graphite oxida- 
tion, followed by the reduction with hydrazine hydrate of 
the produced graphene oxide and washing with distilled 
water. The chemically modified graphene was dispersed 
in water after its filtration. The resulting dispersions were  *Corresponding author. 

Copyright © 2012 SciRes.                                                                             Graphene 



M. KHENFOUCH  ET  AL. 16 

homogeneous and stable, having a dark ink like appear- 
ance. The required amount of PEO was added to the 
graphene dispersion and stirred using magnetic stirrer for 
approximately 6 hours. The polymer concentration in 
water was maintained in 10% (wt) so that the solution 
can be easily electrospuned to obtain nanofibers with 
small size and good morphology. Solutions with the 
loading of graphene sheets, 1%, 3%, 5% and 7% were 
prepared by adding different PEO weight in graphene 
dispersion. The electrospinning process was carried out 
at room temperature. The solution was loaded into a sy-
ringe with needle of 0.5 mm in diameter, at electric field 
strength of 1 KV/cm, applied for only one second to 
separate the individual fibers obtained on different sub-
strates (aluminum foil, glass slide) placed on the 
grounded plate. The average PEO fiber diameter was 
found to be between 500 and 1000 nm. 

To analyse our prepared samples we used Bruker Sen- 
tarra RAMAN spectrometer, Bruker Vertex 70 Fourier 
transform infrared (FTIR) Spectrometer, Nanosurf Ato- 
mic Force Microscopy (AFM), Nova NanoSEM Scan-
ning Eelectron Microscope, a high resolution Optical 
Microscope and SETARAM Thermogravimetric Ana- 
lyzer (TGA). 

3. Results and Discussion 

3.1. Morphology Analysis 

The morphology of the electrospun fibers was investi-
gated using AFM and SEM, as indicated in Figures (1) 
and (2). The isolated fibers found to be smooth and 
moreover aligned. The length (L) furthermore the di-
ameter (d) of each nanofiber was measured using an 
atomic force microscopy, scanning electron microscopy 
(SEM) and optical microscopy to determine the optimum 
process parameters as well as confirming the existence of 
graphene nanosheets into the nanofibers (Figure 3). All 
measurements were performed at room temperature. The 
average diameter distributions are shown in Figure 3. 

3.1.1. AFM Images 
The atomic force microscopy (AFM) was used to further 
observe the surface structures of the composite nanofi- 
bers. Scanning was carried out in tapping mode. All im- 
ages were obtained at ambient conditions. Figure 1 con- 
firms the isolation of the individual nanofiber synthe- 
sized by electrospinning, also revealed that the electro- 
spun nanofiber is smooth with the absence of beads, 
proving that PEO was dissolved completely and the solu- 
tion was homogenous enough to electrospinning. On the 
other hand, AFM image confirm that the electrospinning 
parameters used were suitable for generating smooth and 
highly aligned nanofibers.  

3.1.2. SEM Images 
Typical SEM image of G/PEO composite fiber is shown 
in Figure 2. No defects in the form of beads are observed 
in the fibers and their diameters range from 100 nm to 
1.2 µm. SEM Image depict both good morphology and  
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Figure 1. AFM image shows an individual G/PEO nanofiber. 
 

 

Figure 2. SEM image shows one isolated G/PEO nanofiber 
in large free space. 
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Figure 3. High resolution optical microscope (200×) image shows graphene nanosheets confined into individual PEO nanofi-
bers, this insertion is confirmed by the appearence of black zones in fibers. The average diameter distribution is shown on the 
graphs for different concentrations of graphene in PEO nanofibers. 
 

3.1.3. High Resolution Optical Microscope Images good orientation due to the best choice of used parame- 
ters. It is difficult to confirm the presence of graphene 
sheets in the nanofibers from SEM and AFM images. In 
order to do that and check the dispersion of graphene, we 
have used high resolution optical microscopy. 

The Optical Microscope was used to observe the align- 
ment of the nanofibers to determine the optimum pa- 
rameters and to further demonstrate the insertion of gra- 
phene nanosheets into polymer nanfibers by the ap- 
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pearence of black zones in fibers. Figure 3 shows images 
of such fibers. Here we observe black particles inside 
polymer matrix. These black particles are the graphene 
nanosheets which were found to be well dispersed and 
the fibers were relatively homogeneous in diameter. Fur-
ther no beads formation is apparent, corfirming SEM 
results. 

Using image analysis software, the diameters of the 
G/PEO nanofibers with 0, 1, 3, 5 and 7 wt% of graphene 
were 542.72, 602.84, 738.56, 817.57 and 913.76 nm, 
respectively. Graphene nanosheets had a clear effect on 
the formation of those nanofibers as reflects the average 
diameter of G/PEO nanofibers dependence on the 
amount of graphene sheets. We have found that this av- 
erage increases with the loading of graphene nanosheets, 
and nanofibers in our samples have a minimum diameter 
of 100 nm and a maximum diameter of 1200 nm and the 
shorted measured length was 20 µm. 

3.2. Vibrational Spectroscopy 

To confirm the insertion of graphene nanosheets into our 
polymer nanfibers and the absence of interactions be- 
tween PEO and graphene nanosheets, RAMAN scatter- 
ing with an excitation wavelength of 514 nm and FTIR 
spectroscopies were investigated. 

3.2.1. RAMAN Spectroscopy 
During graphite powder oxidation process in the concen- 
trated acids using Hummer’s method, the original ex- 
tended conjugated-orbital system of the graphite was 
destroyed and oxygen-containing functional groups were 
inserted into the carbon skeleton. After reduction with 
hydrazine, oxygen groups were then replaced with nitro- 
gen ones. However, after a purification treatment, these 
functional groups derived from the intensive oxidation 
and hydrazine hydrate were eliminated, which may be 
proved by the existence of D, G and 2D bands only 
(Figure 4), reflecting the skeletal vibration of graphene 
sheets [15]. The G band that originates from in-plane 
vibration of sp2 carbon atoms is doubly degenerate (TO 
and LO) phonon mode (E2g symmetry) at the Brillouin 
zone center. The 2D band originates from a two phonon 
double resonance Raman process (Figure 4). The D band 
is attributed to defects in reduced graphene oxide 
nanosheets. On the other hand, relatively complex bands 
of typical polymeric materials were observed such as 
strong C-OH vibrations at 1150 cm−1. As shown in the 
Raman spectra (Figure 5), there is no appearance of a 
new peaks or modification in the ratio of IG/ID intensi- 
ties on the G/PEO nanofibers spectrum and the narrow- 
ing of PEO ray indicates a better alignment in the pres- 
ence of graphene. These results indicate that the graphite 
oxide has been successfully exfoliated to graphene sheets, 
and also there are no interactions between graphene and 

PEO fibers. To confirm these results, we have also stud- 
ied FTIR active vibrations. 

3.2.2. FTIR Spectroscopy 
FTIR spectrum of graphene solution is shown in Figure 
4. The absence of graphite and graphene oxide peaks is a 
strong indication of the obtaining of graphene sheets. 
These peaks are: at 3400 cm−1 (O-H stretching vibra- 
tions), at 1720 cm−1 (stretching vibrations from C = O), 
at 1600 cm−1 (skeletal vibrations from unoxidized graph- 
itic domains), at 1220 cm−1 (C-OH stretching vibrations), 
at 1060 cm−1 (C-O stretching vibrations) [16], and 
stretching vibrations from C = O at 1720 cm−1 due to the 
remaining of carboxyl groups even after hydrazine re-
duction the vibration modes of epoxide (C-O-C) (1230 - 
1320 cm−1, asymmetric stretching at 850 cm−1, bending 
motion) [17]. The spectra in Figure 6 show a large broad 
band at 3320 cm−1 due to PEO hydration. It was observed 
that the PEO is highly hydrophilic, thus it absorbs water 
and gets hydrated. Pure PEO shows many peaks, at 2924 
 

 

Figure 4. Raman and FTIR spectra of graphene nanosheets. 
 

 

Figure 5. Raman spectra of PEO and G/PEO nanofibers. 
The comparison of these spectra with graphene spectrum 
confirms the absence of interactions between the nanosheets 
and PEO. 
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Figure 6. FTIR spectra of G/PEO nanofibres with different 
graphene concentrations. The non modification of these 
spectra after the insertion of graphene nanosheets confirms 
the absence of interactions between them and PEO chains. 
 
cm−1 corresponding to asymmetric CH2, two CH2 vibra- 
tional modes appear in PEO at 1460 cm−1 which, corre- 
spond to asymmetric CH2 bending (δ(CH2)a) and 1350 
cm−1 which, corresponds to symmetric CH2 wagging and 
some C-C stretching (w(CH2)s + ν(CC)) [18], at 1640 
cm−1 attributed to ν(C-O) band, the two bands at 1294 
cm−1 and 1250 cm−1 are related to twisting vibration 
t(CH2)a also for stretching vibratio ν(C-O-C)a [19] and at 
107 cm−1 that  corresponds to the ν(C-O-C)a vibration 
mode. It has been reported in a previous study that the 
presence of a band at 942 cm−1 is characteristic peak in 
supporting the gauche conformations of -CH2-CH2- 
groups, as needed for a pure PEO’s helical conformation 
[20]. The non serious modification of PEO FTIR spec- 
trum after the inseration of graphene nanosheets confirms 
those derived from raman spectroscopy. 

3.3. Thermal Analysis 

In order to confirm the loading of graphene in composite 
fibers, the non interaction between graphene and PEO 
and syuding their thermal properties, Thermograviamet- 
ric analysis (TGA) and Differential thermogravimetric 
(DTG) were done. The dynamic weight loss tests were 
conducted on a TA Instrument Thermogravimetric Anal- 
yzer SETARAM, using Al2O3 100 μl crucible in a N2 
purge with an average of sample weights of 14 mg over a 
temperature range 20˚C - 700˚C at a scan rate of 5˚C/min. 

3.3.1. Thermograviametric Analysis (TGA) 
The TGA plot of composite fibers with different loading 
of graphene is shown in Figure 7. As expected, graphene 
was highly stable up to 600˚C. Reduced graphene sho- 
wed an enhanced thermal stability due to the removal of 
oxygen-containing functional groups by reduction with 
hydrazine [21]. The major mass reduction started at 
~350˚C leads to the decomposition of polymer in the 

samples which was completely decomposed at a temper- 
ature of ~425˚C. The weight percentage of the residue 
matches closely the graphene initial weight percentage 
during the preparation of the solution. The thermal sta- 
bility of G/PEO was slightly improved by the presence of 
graphene, but this effect still negligible, which confirms 
again the absence of interactions between graphene and 
PEO. 

3.3.2. Differential Thermogravimetric (DTG) 
Differential thermogravimetric (DTG) curves of these 
samples were shown in Figure 8. The temperature of the 
fastest weight loss rate (Tfl) of PEO were 396˚C, the Tfl 
of G/PEO (1%, wt/wt), G/PEO (3%, wt/wt), G/PEO (5%, 
wt/wt) and G/PEO (7%, wt/wt) were 400˚C, 401˚C, 
409˚C and 412˚C, respectively. Obviously, this low shift- 
ing depending to rapheme loading may be attributed to 
the pressure of rapheme on PEO nanfibers and confirms 
the non functionalization of its nanosheets with PEO 
chains and absence of other interactions.  
 

 

Figure 7. TGA plots of G/PEO nanofibres with different 
loading of graphene show a low shift to high temperature. 
 

 

Figure 8. DTG plots of G/PEO nanofibres with different 
loading of grapheme. 
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4. Conclusion 

To the best of our knowledge, this work demonstrates, 
for the first time, the confinement of graphene nanos- 
heets in an individual polymeric nanochannel via an 
electrospinning process. Also worth noting, is the choice 
of polymer which can’t interact with graphene nanoshe- 
ets as confirmed by our analysis which makes it a very 
good envelope of those nanostructures. This is one of the 
important results in the case of electrospun fibers and 
opens the way to integrate graphene into a larger area in 
optoelectronic applications. 
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