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Abstract The attractive optoelectronic properties of
graphene are universally known. Also, their combination
with polymer matrix added an exciting physical investi-
gation. In the present work, nanocomposites based on poly
(vinyl alcohol) (PVA) with low graphene oxide (GO) and
partially reduced graphene oxide (PRGO) loadings (0.5, 1
and 2 wt%) were successfully prepared by a simple and
environmentally friendly process using aqueous solution in
both acidic (pH 4) and neutral media (pH 7)and optimized
sonication time, in order to tailor the optical/electronic
properties of the GO/PRGO nanosheets. FT-IR and Raman
scattering spectroscopy reveal a strong interfacial interac-
tion by hydrogen bonding between the two components.
Steady-state photoluminescence results showed a pH-de-
pendent fluorescence of these nanocomposites, and a sig-
nificant luminescence over a wide range of the visible
wavelengths was achieved at a concentration of 1 wt% GO
and PRGO loading. A quenching of the PL started at
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2 wt% suggesting the possibility of tuning the lumines-
cence properties of GO/PRGO-based composites with
PVA.

1 Introduction

Among the different types of nanomaterials, graphene has
become the most attractive material, because of its excel-
lent electrical, thermal, mechanical, optical properties, and
high transparency with high specific surface area [1-4].
Recently, graphene is considered as one of the most
promising nanoscale materials in electronics applications.
Several methods for the graphene synthesis were reported
including the micromechanical cleavage, epitaxial growth,
exfoliation of graphene sheets, thermal and chemical
reduction of graphite oxide [5]. In addition, the opto-
electrical properties of the graphene film are very sensitive
to the number of their layers [6]. However, the graphene is
a zero-gap semiconductor, due to the continuous sp>
hybridized structure, and can be used as a passive element
in the optoelectronic applications [7, 8]. The opening of a
band gap is possible due to the chemical functionalization
of the graphene with the oxygen atom. The formation of
sp? clusters in the sp’ matrix is expected to produce
quantum confinement effects, which result in the opening
of the band gap, at the Fermi level [9]. Graphene oxide
(GO) is a modified graphene sheet containing oxygen
functional groups (epoxy, hydroxyl and carboxyl) on the
basal plane or at the edges [10—12]. One of the interesting
properties of GO is its ability to exfoliate spontaneously in
aqueous media into individual sheets to form a colloidal
suspension [10, 12, 13]. Also, GO has a substantial band
gap due to the presence of both sp? and sp® hybridized
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carbon [14-16]. Theoretical studies have shown that in a
carbon material containing a mixture of sp? and sp® car-
bons, the photoluminescence is determined by the 7 states
of the sp? embedded in the sp3 matrix [17]. The radiative
recombination of electron-hole pairs in the sp?> embedded
in the sp® matrix can give rise to fluorescence [18-20].
Therefore, the size, shape, and interface surface of sp’
carbon domains can determine the band gap width and the
fluorescence energy [18, 19]. The graphene-based materials
give ultraviolet-near-infrared (UV-NIR) fluorescence and
exhibit diversity due to the surface functionalization, size
of the graphene sheets, and treatment solution [21]. High
optical absorption and a broadband fluorescence in the
visible-near-infrared (Vis—NIR) spectral regions between
(600-1100 nm) wavelengths for GO were reported [20].
Chien et al. have suggested that the predominant emission
in GO is from optical transitions between the disorders
induced localized states which may be located in the band
tail of the m — n* or lie deeper within gap leading to a
broadband emission [22]. Some researchers tend to exclude
the oxygen functional groups as the origin of observed
luminescence, because the luminescence was reported to be
enhanced with reduction. This inference seems to be
questionable, since at the initial stage of GO reduction with
hydrazine, some edge groups such as carboxyl groups still
remain intact in the structure [23]. However, Gokus et al.
[24] have recently observed visible luminescence from
oxygen plasma-treated graphene. The GO reduction usu-
ally leads to the disappearance of oxygen functional groups
and the creation of newly formed small sp?. Consequently,
the electron-hole recombination of these sp? cluster-like
states exhibited blue fluorescence at shorter wave lengths
with a narrower bandwidth [25-27]. It has been reported
that aqueous dispersions of GO showed strongly pH-de-
pendent fluorescence [14, 16]. We have reported in our
previous work that the GO combined with porphyrin
nanorods or Zinc oxide nanorods may generate a white
light emission with a near UV excitation [28, 29]. Kundu
et al. have reported the photoluminescence from GO-based
composites with poly (vinyl alcohol)(PVA) [30].The PVA
is known as non-toxic, biodegradable, biocompatible and
hydrophilic polymer by hydroxyl groups (~OH), which can
interact with the hydroxyl, epoxy and carboxyl groups in
the GO. In this work, we report a simple approach, com-
pared to previous works [30], to synthesize nanocomposite
films based on PVA and appropriate low contents of GO
and partially reduced GO (PRGO) using distilled water and
conduct a comparative study on their optical and photolu-
minescence properties. The aim of this work is to prepare a
fluorescent composite material over a wide range of the
visible emission and investigate the influence of the GO
reduction on the optical properties of the PVA-based
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composites at low load (0.5, 1 and 2 wt%). The pH effect
on the luminescence properties of these nanocomposites is
also reported. Moreover, Raman scattering analysis of
these type of nanocomposites was not well enough studied
in previous studies; we have used this technique in our
present study to gain more detailed understanding of the
interaction at the interface of these components and probe
the structural change and defects occurring during chemi-
cal processing from GO to PRGO and their interaction with
PVA.

2 Experimental
2.1 Materials

Graphite was purchased from Sigma Aldrich. Graphene
oxide (GO) was obtained by graphite oxidation using
modified Hummer’s method [10]. Reduction of GO was
performed by chemical method using hydrazine hydrate
(NoH,) as reducing agent. Poly (vinyl alcohol) (PVA)
matrix with a molecular weight of 95,000 g/mol used in
this study was purchased from Arkema.

2.2 Samples Preparation

2.2.1 Preparation of graphene oxide and partially reduced
graphene oxide solutions

A colloidal aqueous suspension of the GO and exfoliated
partially reduced GO (PRGO) nanosheets were prepared as
follows: Amounts of graphite oxide powder of 5, 10 and 20
mg were dispersed in 3 ml distilled water. Further, ultra-
sonication method was used for 1 h at a room temperature
to obtain GO nanosheets. To prepare PRGO, a solution of
hydrazine hydrate (10 %) of the GO dispersion was added
with continuous stirring for 48 h at 40 °C. Finally, ultra-
sonication for 1 h at 40 °C was used to obtain solutions of
well exfoliated graphene sheets before their use in the
preparation of nanocomposites based on PVA. More details
about the high quality and morphology of our GO and
RGO prepared by this chemical method using hydrazine
[31] have been reported in our previous work [13].

2.2.2 Preparation of GO/PVA and PRGO/PVA
nanocomposites

The technique of solution mixing was employed using
distilled water for making nanocomposite films based on
PVA and two different types of nanofillers such as GO and
PRGO nanosheets. Three series of nanocomposite films
were prepared separately with GO and PRGO contents of
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0.5, 1 and 2 wt%. GO/PVA and PRGO/PVA nanocom-
posites containing different amounts of the GO and PRGO
were prepared as follows: PVA (4 g) was dissolved in 28
ml of deionized water using a magnetic stirrer for 5 h at
80 °C and to prevent the evaporation, sealed containers
were used. Then, 7 ml of the PVA solution was added into
the GO/PRGO solutions and kept for one hour at a room
temperature under uniform stirring. The solution was fur-
ther agitated on the magnetic stirrer for 48 h under weak
stirring to obtain well-dispersed solutions preserving the
integrity of the polymeric chains [32]. The obtained
homogeneous solutions were slowly drop-casted onto glass
substrate and dried at 40 °C . Pure PVA film was also drop-
casted from aqueous solution in the same conditions and
used as a reference. The solutions in acid medium were
prepared using a dilute solution of hydrochloric acid (HCI).

2.2.3 Characterization

Fourier transform infrared spectra were recorded at room
temperature in the transmittance mode using a Vertex 70
spectrophotometer, with a resolution of 4 cm™! over a wave
number range of 400 —4000cm~!. Raman spectra were
recorded using Raman scattering spectrometer Senterra of
Bruker. Spectra were collected between 90 — 3200 cm ™!
with an excitation wavelength of 785 nm, a power of 100
mW and an automatic correction of fluorescence. Optical
absorption measurements were recorded using a Varian
Cary 5 UV-visible-near-infrared spectrophotometer work-
ing in absorption mode in the wavelength range varying
from 2000 nm (0.62 eV) to 200 nm (6.2 eV). Steady-state
photoluminescence measurements (PL) were performed at
room temperature with a “Jobin-Yvon Horiba iHR 320~
spectrometer at 420 nm with a filter of 455 nm using a
xenon lamp (500 W), and spectra were obtained using a
CCD detector.

3 Results and discussion

3.1 Fourier transform infrared spectroscopy
(FT-IR)

The functionalization and interaction of GO/PRGO with
PVA were followed by FT-IR analysis as shown in Fig. la,
b. From GO spectrum, graphene characteristic bands and
oxygenated functional groups are observed. The band at
1617cm™! can be attributed to the elongation of the car-
bon—carbon bond, and the bands at 2927 and 1417 cm™! are
attributed to the stretching vibration and deformation of the
aliphatic C—H groups, respectively. The bands at 1719 and
1041 cm ™" can be attributed to the stretching vibration of

C=0 and C-O groups, respectively, and the band at
1229 cm™~! can be attributed to the bending vibration of C—
OH groups. Moreover, the band at 955 cm~! can be
assigned to the bending vibration of the O—H-O groups.
The band at 3213cm~! corresponds to the stretching
vibration of the hydroxyl group [33]. From PRGO spec-
trum, the intensity of the bands corresponding to hydroxyl,
aliphatic, C=0 and C-OH groups decreases indicating the
partially reduction of GO [34]. Moreover, the presence of
the peaks located at 972, 1017 and 1395 cm~! corre-
sponding to the bending vibrations of the O-H-O, C-O and
C-H groups, respectively, suggests the existence of water
trapped between graphene sheets and oxygenated groups
located at the edges of the graphene sheets, and the use of
hydrazine hydrate also favors the existence of C—H groups.
In the pristine PVA spectrum, the stretching vibration of
O-H groups was observed at 3288cm™!. The symmetric
and antisymmetric vibrations of C—H, groups appeared at
2932 and 2916cm™! respectively. The peaks at 1417 and
1328 cm™! were attributed to the deformation vibration of
C-H groups, and a peak at 1089 cm™! corresponds to the
stretching vibration of C—O groups. The peak located at
917 cm~! can be attributed to the stretching vibration of O—
H groups [35]. As the GO/PRGO loading increases, the
peaks broadening and the vo_y wavenumber downshift can
be attributed to the dissociation of the hydrogen bonds
among the hydroxyl groups in PVA molecules, probably
due to the interaction with GO and PRGO nanosheets
through a hydrogen bond [34].

3.2 Raman spectroscopy

It is recognized that Raman spectroscopy is a powerful
technique to characterize reduction and exfoliation of
graphene layers. As shown in Fig. 2a, Raman spectrum of
GO displays two main bands; the first G band at 1600 cm™!
arises from the stretching of the C—C bond in graphitic
materials and is due to E,g mode at the I'- point. D band
observed at 1332cm™! is attributed to structural defects
and disorder in graphene nanolayers, and the 2D band is a
second-order two phonon process. It appears at double
frequency of the D band at 2656 cm™' [36]. The ratio of D
to G bands intensity Ip/Is was of 0.92. For the PVA, the
bands at 2910 and 1435cm™! are attributed to stretching
and deformation vibrations of C—H groups, respectively.
The peak at 1137 cm ™! is ascribed to O—H group vibrations
[37].

As shown in Table 1, the intensities ratios (Ip/I¢) for the
nanocomposites based on GO and PRGO decrease. This
behavior confirms the reduction of defects in GO and PRGO
layers and their orientation after the interaction with the PVA
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Fig. 1 FT-IR spectra of a GO/PVA, b PRGO/PVA recorded on the composite films with different concentrations of GO/PRGO
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Fig. 2 Raman spectra of a GO/PVA, b PRGO/PVA nanocomposites with different concentrations of GO/PRGO recorded with 785-nm

excitation wavelength

hydroxyl group. The Ip /I ratio has been used to qualita-
tively characterize the change in defects in the carbon
nanostructure, which should decrease during the reduction
process [25]. In our present work, the intensity ratio of PRGO
nanocomposites is higher than that of GO nanocomposites. It
can be ascribed to the reduced state which increases the
number of aromatic domains of small size in graphene,
leading to an increase in the Ip /I ratio [36].
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The GO/PVA nanocomposites spectra show an upshift
of the D and G bands, and the 2D band has completely
disappeared. The upshift in the G band frequency can be
due to an increase in the elastic constant of the GO/PVA
harmonic oscillator. It is highly related to the charge
transfer between the GO and PVA. The disappearance of
the 2D band is attributed to the presence of the carboxyl
functional groups on the surface of the GO, which provided
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Table 1 (Ip / 1) ratios of nanocomposites based on GO and PRGO

Ip/Ig (GO/PVA) Ip/Ig (PRGO/PVA)

100 wt% 0.92 3.84
0.5 wt% 0.74 3

1 wt% 0.72 2.87
2 wt% 0.59 1.66

a better adhesion between the hydroxyl groups of PVA
matrix and the oxygenated functionalities of the GO [38].
The shape change of D and G bands in GO/PVA
nanocomposites spectra is due to the appearance of a new
vibration mode located around 1450cm™', which proves
clearly the strong interaction by hydrogen bonding between
GO and PVA matrix. In the PRGO/PV A nanocomposites
spectra, no shift of the D and G bands was observed which
proves no charge transfer between the PRGO and PVA. It
can be attributed to the weak interaction by hydrogen
bonding between the two components as compared with
the GO/PVA. The intensity of the PVA peak in the
nanocomposites decreases by increasing the nanofillers
concentration. Moreover; the absence of this peak for
2 wt% of GO/PRGO can be attributed to the dissociation of
the hydrogen bonds among the hydroxyl groups in PVA
molecules after incorporation of the nanofillers.

3.3 Optical absorption

Figure 3 shows the ultraviolet—visible (UV-visible) spectra
of PRGO, GO and their nanocomposites with the PVA as

matrix. The spectrum of GO has an absorption peak at 237
nm which is upshifted to 270 nm in the PRGO. This red-
shift is due to the electronic configuration in graphene after
the GO reduction. The absorption peaks at 237 and 313 nm
can be attributed to m — n* and n — n* transition of aro-
matic C-C ring and C=0O bonds, respectively. The
absorption peak at 270 nm is attributed to n — ©* transition
of C-O bonds now embedded by exfoliation and interca-
lation on the graphene sheets. Also, the disappearance of
the shoulder around 313 nm after the GO reduction is most
likely due to the removal of carboxyl groups within PRGO
[25, 28]. The PVA spectrum has an absorption peak at 189
nm corresponding to the structure of (CH=CH),~CO- and
(CH=CH)-CO-, with a shoulder at 211 nm attributed to
(CH=CH),—CO- structure [39]. The spectrum shows only
the ultraviolet absorption bands, as a result, the PVA is
transparent.

The absorption peaks are blueshifted with the PVA
addition. The peak at 237 nm of the GO has shifted to 220,
215 and 208 nm for 0.5, 1 and 2 wt% GO/PVA, respec-
tively, while the peak at 313 nm has shifted to 280 nm in
every cases. Also, the PRGO peak at 270 nm has shifted to
258 and 246 nm for 1 and 2 wt% PRGO/PVA, respec-
tively. The blue shifts may be attributed to the decrease in
planarity of the nanosheets due to hydrogen bonds pro-
duced between the GO oxygenated functionalities or the
residuals functional oxygen groups in the PRGO and the
PVA hydroxyl groups [28].

The band gap can be determined at the tangent to the
absorption front, and the width of the band gap is strongly
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Fig. 3 Optical absorption spectra of a GO/PVA, b PRGO/PVA composite films
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Table 2 Gaps energy of the PVA GO/PVA PRGO/PVA
nanocomposites decrease by
mcreasi"gt of the GO/PRGO 0.5 wt% 1wt%  2wt% 0.5 wt% 1wt% 2 wt%
concentration
! Gap energy (eV) 5.46 5.30 436 3.87 5.32 4.42 4.10
T T T T T T T T
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Fig. 4 PL spectra of a GO/PVA, b PRGO/PVA nanocomposites at pH 7 recorded with 420-nm excitation wavelength showing the effect of the

PVA addition on composite

dependent on the conjugation length. In fact, when the
graphene concentration increases, the extension of the
conjugated system and the decrease in the gap energy to
lower energies were observed (Table 2).

3.4 Photoluminescence

Figure 4 shows the PL spectra of GO and PRGO with PVA
nanocomposite films recorded from 400 to 900 nm for
different concentrations at pH 7 with an excitation wave-
length of 420 nm. A broad blue—green emission of PVA
was observed at 497 nm, and the two peaks at 619 and 683
nm can be attributed to #n — ¥ transitions electrons 2p? (O)
in OH groups [40]. The fluorescence from GO was
observed at wavelengths of 464, 628 and 703 nm. The
photoluminescence of GO is due to electron-hole recom-
bination from conduction band (CB) bottom and nearby
localized electronic states to wide-range valance band
(VB). In view of atomic structure, the GO emission is
predominantly from the electron transitions among/be-
tween the non-oxidized carbon region (-C=C-) and the
boundary of oxidized carbon atom region (C-O, C=0 and
0=C-OH) [26, 27]. The weak peak at 464 nm was attrib-
uted to the electron-hole radiative recombination in the sp?
clusters. Thus, the red emission observed around 628 and
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703 nm corresponds to oxygen functional groups. How-
ever, the sp? clusters in GO are lower compared to sp
oxygenated regions which can create a very strong fluctu-
ation width of the emission band [25]. However, the par-
tially reduction reduces the emission due to the decreasing
of oxygen functionalities. It can be observed that the PRGO
luminescence peaks are blueshifted after the partially
reduction with (N,H,).

The O-H groups dominate after the chemical reduction
of GO which favors a blue fluorescence [16]. Also, the GO
reduction usually favors sp? clusters and leads to the cre-
ation of small and newly formed sp?,which are smaller in
size, but numerous and the electron-hole recombination of
these sp? states exhibited blue fluorescence [22, 25]. The
emission bands of the nanocomposites have blueshifted to
459, 623 and 688 nm. The PL intensity of the GO/PRGO-
based nanocomposites increases significantly with the PVA
addition. This improvement in the fluorescence can be
attributed to the functionalization of the GO/PRGO sur-
face, due to the hydrogen bonds produced from various
functional groups on the graphene layers with the hydro-
xyl-rich PVA chains. The decrease in the planarity due to
the hydrogen bonding contributes to the decreases in non-
radiative recombination of electron-hole, improving thus
the emission efficiency of the functionalized graphene [28].
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Fig. 5 PL spectra of a GO/PVA, b PRGO/PVA nanocomposites at pH 4 show a red shift originated from pH effect. Excitation: 420 nm

It is observed that an important luminescence over a wide
range in blue, green, red emission was observed at con-
centrations lower than 2 wt% GO/PRGO. As shown in
Fig.5, at pH 4, the GO/PVA spectra display a broad band
ranging from 510 nm, 646-715 nm. A monotonic increase
and redshift of the emission band were observed for con-
tents of the GO lower than 2 wt%. The origin of the
observed fluorescence arises from quasi-molecular fluo-
rophores similar to polycyclic aromatic compounds,
formed by the electronic coupling of the COOH groups
with nearby carbon atoms of the graphene. Below pH 8, it
has been shown that the excited-state protonation of the
(G—COO") to (G-COOH) contributed to the broad red-
shifted emission under acidic conditions [14, 16].0ur
results indicate that the fluorescence of PRGO/PVA
nanocomposites, shown in Fig. 5b, can be attributed to the
removal of some carboxyl groups and formation of O-H
polar groups after reduction with hydrazine. Moreover, the
PL quenching was achieved for concentration of PRGO
lower than for GO/PVA, suggesting more efficient charge/
energy transfers which in agreement with the results
obtained by Raman spectroscopy.

4 Conclusion

Nanocomposite based on PRGO (0.5 wt%) dispersed
within PVA matrix in acidic media has been found to emit
a blue, green to red fluorescence. Similar range of emission
was achieved for higher concentration of GO (1 wt%),
suggesting that this arises from electronic coupling of
carboxylic group with carbon atom of graphene. It can be

concluded that the hydrogen bonds between the oxy-
genated functionalities of the GO/PRGO and the PVA
improve the emission efficiency of the resulting
nanocomposites for high content of PVA. A strong lumi-
nescence over a wide range of the visible emission was
detected at 1 wt% GO/PRGO after that a quenching of the
PL has been observed at 2 wt%. Moreover, the PL
quenching was achieved for concentration of PRGO lower
than for GO/PVA composite suggesting more efficient
charge/energy transfer which is in agreement with the
result obtained by Raman spectroscopy. The strongly pH-
dependent fluorescence in the visible range of these
nanocomposites was demonstrated. Tuning the lumines-
cence properties of GO/PRGO by functionalization with
biocompatible materials opens the way to their integration
in many applications and particularly in biosensors and
optoelectronic devices.
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