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A B S T R A C T

In this research, we demonstrate that polyvinylpyrrolidone-grafted reduced graphene oxide (PVPrGO) with
solution processibility can be easily produced by using a radiation technique at room temperature without any
harmful reducing agent. The graphene oxide (GO) obtained from graphite flakes using a modified Hummer's
method was modified through a carbodiimide-mediated coupling reaction with 4-aminostyrene to bring in
polymerizable double bonds. The modified GO (MGO) was dispersed in a monomer solution of N-vinylpyrrolidon
(NVP) in DMF, and the resulting mixtures were then irradiated with a γ-ray at room temperature to obtain a
polymer grafted reduced graphene oxide (PVPrGO). The analytical results verified that PVPrGO is successfully
produced via γ-ray irradiation-induced reduction of MGO and simultaneous graft polymerization of NVP, and its
properties depend on the absorbed doses and monomer concentrations. Furthermore, the evaluation of the so-
lution-processed thin film reveals that PVPrGO could provide the full-cover uniform thin film with a good
electrical conductivity, overwhelming those of conventional graphene nanoflakes (GNFs).

1. Introduction

Graphene, a two-dimensional atomic layer of carbon in which the
atoms are arranged in a honeycomb lattice, has skyrocketed as a hot
research topic in nanotechnology since discovered by the Geim and
Novoselove in 2004 owing to its extraordinary electrical, thermal,
mechanical, and optical properties (Allen et al., 2010; Geim and
Novoselov, 2007; Novoselov et al., 2004; Singh et al. 2011). Taking into
consideration the productivity and cost, a graphene oxide (GO)-reduc-
tion strategy has seemed to be the most promising method thus far
(Chua and Pumera 2014). However, a graphene nanoflakes (GNFs)
produced through the graphene oxide (GO)-reduction has exhibited
poor dispersibility in common solvents owing to a π-π stacking-induced
irreversible agglomeration limiting their diverse applications
(Stankovich et al., 2007; Li et al., 2008).

To improve the dispersibility, functionalization of GNFs has been
widely investigated through a non-covalent and covalent modification
of GO and a post reduction (Chua and Pumera 2013; Wang et al., 2015).
Among them, a covalent polymer-grafting strategy has been most pre-
ferred over the others owing to the covalently-grafted long polymer
chains allowing a high dispersibility of functionalized GNFs in a wide
range of solvents even at a low degree of functionalization (Layek and
Nandi, 2013). Generally, the polymer-grafted GNFs have been

developed mainly through polymer grafting of GO and a chemical re-
duction based on living radical polymerization (Bardi et al. 2012), free
radical polymerization (Backert et al. 2013), condensation poly-
merization (Xue et al., 2015), coupling reaction with polymer (Yadav
et al., 2012), or many others (Dinda et al., 2013). On the other hand,
these proposed strategies have several drawbacks including multi-step
functionalization and a reduction process, the necessity of toxic and
explosive additives, and high temperature, and low productivity (Tran
et al., 2014; Pham et al., 2011; Thakur and Karak, 2015). Therefore, the
cost-effective and scalable strategy for the highly-dispersible GNFs has
been highly demanded for the mass production.

A radiation-based technique could provide a promising way to
prepare highly-dispersible polymer-grafted GNFs. This technique offers
several advantages including room-temperature chemical reactions of
graft polymerization and reduction without toxic additives of initiator
and reducing agent, easy control of the chemical reaction, and large
scalability (Chen et al., 2012; Gupta et al. 2016; Jung et al., 2017).
Despite these discriminable merits, the synthesis of polymer-grafted
reduced graphene oxide though a radiation-based technique has been
rarely studied to produce highly-dispersible GNFs (Chen et al., 2012;
Feng et al., 2012; Jung et al., 2017).

This research was aimed to prepare a solution-processible poly-
vinylpyrrolidone-grafted reduced graphene oxide (PVPrGO) by using a
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reducing agent-free and room-temperature radiation technique. For
this, the modified GO (MGO) was synthesized through a carbodiimide-
mediated coupling reaction of GO with 4-aminostyrene. To figure out
the formation of PVPrGO, in-situ reaction of γ-ray irradiation-induced
reduction and graft polymerization with different concentration of
MGO and monomer solution was performed under two absorbed doses
and different monomer concentrations. The resulting PVPrGO was
systematically characterized by using analytical techniques including
grafting degree measurements, UV–Vis (ultraviolet–visible spectro-
scopy), Fourier transform infrared spectroscopy (FT-IR), X-ray photo-
electron spectroscopy (XPS), Raman spectroscopy, XRD (X-ray diffrac-
tion), and dispersion tests. Furthermore, the electrical properties of its
thin film were investigated to evaluate its solution processability.

2. Experiments

2.1. Materials

Graphite powder (SP-1, Bay carbon) was used in the preparation of
GO. 4-Aminostyrene (Tokyo Chemical Industry Company, ≥ 95%
purity) and N,N′-diisopropylcarbodiimide (DIC, 99% purity, Aldrich)
were utilized in the preparation of MGO. N-vinylpyrrolidone (NVP, ≥
99% purity, Aldrich) and N,N′-dimethylformamide (DMF, 99.8%
purity, Aldrich) were employed in the preparation of PVPrGO.
Potassium hydroxide (KOH, ≥ 85% purity, Showa) and ethanol (EtOH,
99.8% purity, Showa) were used in the cleavage reaction.
Tetrahydrofuran (THF, 99.5% purity, Showa) was employed in the
dispersion stability test. All chemicals in this research were used as
received.

2.2. Preparation of MGO

GO was prepared from graphite powder using a modified Hummer's
method (Tung et al., 2009). The MGO was prepared according to the
procedure reported in the previous work (Jung et al., 2017). Briefly,
0.5 g of GO was well dispersed in 100mL of DMF solvent through ul-
trasonication for 30min. 7.5 g of DIC was added into the GO solution
and the mixture stirred for 1 h. Afterwards, 2 g of aminostryene solution
in 5mL of DMF was poured into the mixture solution, and then the
mixture stirred for 24 h at room temperature. The MGO was then ob-
tained by filtrating with 0.2 μm PTFE membrane filter (Millipore),
washing with DMF and ethanol at least three times, and finally drying
in a vacuum oven for 24 h.

2.3. Preparation of PVPrGO

0.5 g of as-prepared MGO was dispersed in 400mL of DMF, followed
by the addition of certain amounts of N-vinylpyrrolidone (NVP) to have
a concentration of NVP ranging from 3 to 9 wt%. The homogenous
mixture solution was put into glass tube, sealed with rubber septa, and
finally deoxygenated with nitrogen gas purging for 30min. To initiate
the in-situ graft polymerization and reduction, the tubes were exposed

Fig. 1. Schematic diagram for the preparation of PVPrGOs.

Fig. 2. Grafting degree of PVPrGOs with a monomer concentration and ab-
sorbed dose.
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to γ-ray from a60Co source at the Advanced Radiation Technology
Institute (ARTI) of the Korea Atomic Energy Research Institute (KAERI).
The dosimetry was carried out by using alanine dosimeters (5 mm
diameter, Buker BioSpin, Rheinstetten, Germany). According to ISO/
ASTM 51261 standard, the alanine dosimeter reader was calibrated
with standard references supplied by the UK national physics labora-
tory. The studied absorbed doses were 300 and 600 kGy at a dose rate of
10 kGy/h. Afterwards, The PVPrGOs was then separated by filtrating
with 0.2 μm PTFE membrane filter (Millipore), washed with DMF and
ethanol at least three times, and finally dried in a vacuum oven at 50 °C
at a residual pressure of 1 × 10−3 mbar for 48 h. The prepared PVPrGOs
were designated as PVPrGO-X-Y where X and Y indicate the monomer
concentration and absorbed dose, respectively. Furthermore, the re-
duced MGO (rMGO) for the comparison with PVPrGO was prepared
through a γ-ray irradiation on MGO solution in DMF without monomer
at an absorbed dose of 600 kGy.

2.4. Characterization

The degree of grafting was determined by weighing the mass of
PVPrGOs before and after the cleavage reaction. Typically, the PVPrGO
powder (100mg) was dispersed in 30mL of 75% aqueous ethanol so-
lution containing 1.5M KOH. The suspension mixture was refluxed at

70 °C for 72 h. After this cleavage reaction, the resulting reduced gra-
phene oxide was then collected by filtration with a 0.2 μm PTFE
membrane filter and then further purified through re-dispersion in
deionized water and subsequent filtration at least three times to com-
pletely remove the PVP and salts solubilized in deionized water. The
resulting cleaved PVPrGO was dried in a vacuum oven at 50 °C for 48 h.
The grafting degree (GD) is determined by GD = (W0–W)/W×100,
where W0 and W represent the completely dried weight of PVPrGO
before and after the cleavage reaction, respectively. Ultraviolet–visible
(UV–vis), Fourier transform infrared (FT-IR), X-ray photoelectron
spectroscopy (XPS) spectra were recorded on a Scinco S-3100 spectro-
photometer, an attenuated total reflectance Fourier transform infrared
spectroscope (ATR-FTIR, Varian 640, Australia), and a MultiLab 2000
x-ray photoelectron spectroscope (Thermo Electron Corporation,
England), respectively. Raman spectroscopy was performed using
Raman spectrometer (LabRam-HR JobinYvon LabRAM system, Horiba
Scientific). X-ray diffraction (XRD) patterns were obtained using an X-
ray diffractometer (X'Pert Pro, PANlytical, Netherlands) within the 2θ
range of 1° to 50°. Dispersion in water was measured by plotting the
UV–Vis absorbance at 269 nm versus concentration (0.02, 0.025, 0.03,
and 0.04mg/mL), and the dispersion stability test was carried out by
monitoring the precipitation of the PVPrGO-9-600 and rMGO-600 in

Fig. 3. UV–Vis spectra of GO, MGO, rMGO, and PVPrGOs: (a) GO, MGO, and
rMGO and (b) PVP and PVPrGOs prepared at different monomer concentrations
and absorbed doses.

Fig. 4. ATR-FTIR spectra of GO, 4-aminostyrene, MGO, rMGO, and PVPrGOs:
(a) GO, 4-aminostyrene, MGO, and rMGO and (b) PVP and PVPrGOs prepared
at different monomer concentrations and absorbed doses.
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various solvents including DMF, EtOH, THF, and deionized water at a
fixed concentration of 2mg/mL. The electrical conductivities, trans-
mittance, and morphology of 10 nm thick thin film on quartz measured
with an AlphaStep IQ surface profiler (KLA Tencor, USA) were analyzed
using a four-point probe conductivity meter (Advanced Instrument
Technology, CMT, SR100N), UV–vis, and an atomic force microscope
(AFM, Surface Imaging System GmbH, Germany), respectively.

3. Results and discussion

To investigate the graft polymerization during the γ-ray irradiation,
the grafting degree of PVPrGO prepared according to the scheme de-
picted in Fig. 1 was determined by measuring the weight of PVPrGOs
before and after the cleavage reaction of PVP chains from the PVPrGOs
on the basis of the base-catalyzed hydrolysis of the amide bond
(Gassman et al., 1976). As shown in Fig. 2, the PVPrGO showed the
grafting degree ranging from 16 to 31wt% in the given absorbed doses
and monomer concentrations. This result reveals that the graft poly-
merization successfully occurred at the given condition and the grafting
degree of polymer existing in the PVPrGO depended on the absorbed
dose and monomer concentration.

To verify the formation of reduced graphene oxide in PVPrGOs,

UV–Vis spectroscopy was performed, and the results are shown in
Fig. 3. As shown in Fig. 3(a), the UV–vis absorption spectra of GO and
MGO exhibited the identical maximum absorption peaks at 230 nm
attributed to π → π* transitions of conjugated double bonds (Paredes
et al., 2008). In the rMGO spectrum, the peak corresponding to π → π*
transitions of conjugated double bonds was observed at a longer wa-
velength of 269 nm than GO and FGO. This result indicates that MGO
was effective reduced by the active electrons from the radiolysis of DMF
solvent during the γ-ray irradiation (Zhang et al., 2012). Likewise, all
the PVPrGOs exhibited the same peaks at 269 nm, indicative of the
formation of reduced graphene oxide as shown in Fig. 3(b). Therefore,
PVPrGO was successfully reduced during the γ-ray irradiation.

To investigate the formation of PVPrGO from GO, an ATR-FTIR
analysis was carried out, and the results are shown in Fig. 4. As dis-
played in Fig. 4(a), GO spectrum exhibited the characteristic peaks at
3210 cm−1 (O–H from GO and/or water), 1727 cm−1 (C]O),
1645 cm−1 (conjugated C]C), and 1046 cm−1 (C–O), respectively
(Mungse and Khatri, 2014). In the MGO spectrum, the peak corre-
sponding to the C]O bond of COOH almost disappeared at 1729 cm−1

and a new peak corresponding to the aromatic C]C bond of styryl
group newly appeared at 1511 cm−1, implying the successful covalent
modification of GO with 4-aminostyrene (Remyamol et al., 2013). In
comparison to MGO, rMGO spectrum exhibited a significant reduction
in the peak intensities of the OH group. On the other hand, as shown in

Fig. 5. XPS survey spectra of GO, MGO, rMGO, and PVPrGOs: (a) GO, MGO,
and rMGO, and (b) PVPrGOs prepared at different monomer concentrations and
absorbed doses.

Fig. 6. Raman spectra of GO, MGO, rMGO, and PVPrGOs: (a) GO, MGO, and
rMGO and (b) PVPrGOs prepared at different monomer concentrations and
absorbed doses.
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the PVPrGO spectra (Fig. 4(b)), the characteristic peaks corresponding
to the chemical structure of PVP was clearly observed at 2949 cm−1

(C–H), 1654 cm−1 (N–C]O), 1459 cm−1 (CH2), and 1283 cm−1 (C–N),
respectively, and the intensities of its OH groups were evidently re-
duced, implying the occurrence of the reduction reaction during the
irradiation like the rMGO spectrum (Feng et al., 2012). From this result,
it was confirmed that PVPrGOs were successfully prepared by in-situ γ-
ray irradiation-induced reduction and graft polymerization in the pre-
sence of NVP and MGO.

In the conjunction of FT-IR, an XPS analysis was employed to fur-
ther elucidate the change in chemical composition for the formation of
PVPrGO from GO through the sequential reaction. As shown in
Fig. 5(a), the GO spectrum showed two elemental peaks for carbon (C)
at 285 eV and oxygen (O) at 531 eV, and their contents are 67.8 at%
and 32.2 at%, respectively. In the MGO spectrum, in addition to the C
(72.16 at%) and O (23.49 at%) peak, a nitrogen (N) peak (4.36 at%)
newly appeared at 399 eV in comparison to that of GO, indicating the
successful modification of GO with 4-aminostyrene via an amide
linkage. The rMGO spectrum exhibited a higher C (85.04 at%), lower O
(11.39 at%), and similar N contents (3.57 at%) in comparison to that of
MGO, clearly verifying the effective reduction of MGO by γ-ray irra-
diation (Bhangare et al., 2018; Feng et al., 2012). In contrast, as shown
in the spectrum of PVPrGOs (Fig. 5(b)), the respective C and N atomic

percentages were increased up to 77.6 at% and 9.1 at% with an ab-
sorbed dose and monomer concentration in comparison to those in the
MGO spectrum, while the O one was decreased to 13.3 at% similar to
that of rMGO. Therefore, it is reconfirmed from the XPS result that
PVPrGOs were successfully produced through a γ-ray irradiation-in-
duced simultaneous reduction of MGO and graft polymerization of NVP
as mentioned in the FT-IR analysis.

The structural investigation on the formation of PVPrGO from GO
through the sequential reaction was performed via Raman spectro-
scopy, and the results are presented in Fig. 6. As shown in Fig. 6(a), the
typical characteristic G and D peaks corresponding to the sp2-hy-
bridized crystalline and sp3-hybridized amorphous carbon (Sobon et al.,
2012) were identically observed at 1604 and 1350 cm−1, respectively,
in both the GO and MGO spectra, and the D band to the G band in-
tensity ratio (ID/IG) was almost similar, inferring no further formation
of defects in GO induced by the covalent modification (Lomeda et al.,
2008; Pham et al., 2011). In the rMGO spectrum, the D and G peaks
were similar to that of MGO, but the ID/IG value of 1.45 was much
higher than that of MGO (0.87) owing to the further increase in the

Fig. 7. XRD patterns of graphite, GO, MGO, rMGO, and PVPrGOs: (a) GO, MGO,
and rMGO and (b) PVPrGOs prepared at different monomer concentrations and
absorbed doses.

Fig. 8. (a) UV–vis absorption (at 269 nm) of GO, rMGO, and PVPrGOs prepared
at different absorbed dose and monomer concentration. (b) Photo-images for
dispersion of rMGO and PVPrGO-9-600 in different solvents at a concentration
of 2 mg/mL after ambient storage for 3 months.
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numbers of small carbon crystal domain as reported in the literature
(Pham et al., 2011). Similarly, the ID/IG ratios of the PVPrGOs were also
increased to 1.44 with an increasing absorbed dose but almost identical
with an increasing monomer concentration as shown in Fig. 6(b). This
result indicates that the graft polymerization took place primarily at the
introduced double bonds of the MGO; otherwise, the ID/IG could be
much more increased because of the more formation of the disorder
structure induced by the direct graft polymerization at the in-plane
region of MGO described in the literature (Wang et al., 2016). From this
result, it is deduced that the NVP was simultaneously graft-polymerized
primarily at the introduced double bonds of MGO with a simultaneous
reduction, and thereby producing PVPrGO.

To give an insight into the exfoliation extent of PVPrGO, XRD
analysis was performed and the results are shown in Fig. 7. As shown in
Fig. 7(a), the GO pattern shows broader peaks at 2θ of 10.15° (inter-
layer spacing distance (d)= 8.71 Å) in comparison to that of graphite
(interlayer spacing distance (d)= 3.36 Å), meaning full exfoliation of
GO. In the MGO pattern, a similar peak was presented at a slightly
lower 2θ of 8.01° (corresponding to a d of 11.03 Å) than GO, indicating
more exfoliation of MGO prepared by with 4-aminostyrene (Rani et al.,
2014). Unlike MGO, the rMGO pattern exhibited a typical broad peak at
a 2θ of 23.09° (d=3.85 Å) originating from its irreversible interlayer π-
π restacking as reported in the literature (Jung et al., 2017). On the
other hand, all the PVPrGO patterns showed broad peaks at lower 2θ
regions ranging from 6.59° to 4.51° in comparison to MGO (Fig. 7(b)).
Therefore, this result indicates that the grafted PVP expanded the in-
terlayer distances of PVPrGO.

To estimate the dispersibility and dispersion stability of PVPrGOs,
two critical factors for the solution processing, measuring absorbance at
269 nm in relation to concentration using UV–vis and storing dispersion
in different solvents of DMF, EtOH, THF, and water for 3 months were
performed. As shown in Fig. 8(a), the absorbance of all suspensions was
linearly increased with a concentration increase under the given con-
centration in accordance with the Beer-Lambert law (Chabot et al.,
2013). In comparison to that of GO, rMGO exhibited an extremely
lower calculated extinction coefficient (ε) of 5.7mL/mg·cm, indicating
its poor dispersion in water due to the high hydrophobicity. In contrast,
although lower than that of GO, PVPrGOs exhibited a much higher ε
ranging from 7.9 to 31.8mL/mg·cm than rMGO, depending on the
grafting degree. Furthermore, as shown in Fig. 8(b), the dispersions of
PVPrGO-9-600 at the concentration of 2mg/mL in all given solvents
were clearly stable even after the ambient storage of 3 months. From
these results, it is believed that the PVPrGOs have a greater dis-
persibility in common solvents than rMGO due to the existence of the
grafted PVP even though they were effectively reduced (Yoo et al.,
2014).

To demonstrate the solution processability, thin films of PVPrGOs
on transparent quartz substrates were investigated in terms of mor-
phology, optical transmittance, and electrical conductivity. As shown in
Fig. 9(a)-(b), GO and MGO both showed identical homogenous full-
covered thin films with a respective root-mean-square (RMS) roughness
of 0.90 nm and 1.04 nm similar to the level (0.860 nm) of as reported in
the literature, but rMGO exhibited an unevenly-covered thin film with
an RMS roughness of 2.11 nm (Chen et al., 2014). On the other hand, as

Fig. 9. AFM images of GO, MGO, rMGO and PVPrGOs films spin coated on Si-wafer: (a) GO, (b) MGO, (c) rMGO-600, (d) PVPrGO-3-300, (e) PVPrGO-6-300, (f)
PVPrGO-9-300, (g) PVPrGO-3-600, (h) PVPrGO-6-600, and (i) PVPrGO-9-600.
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shown in Fig. 9(d)-(i), all the PVPrGOs showed a homogeneous full-
coverage thin film with an RMS roughness below 1.89 nm, indicating
that, despite their effective reduction, all the PVPrGOs have a uniform
thin-film formability as good as that of GO and MGO. Furthermore, as
shown in Fig. 10, thin films of PVPrGO exhibited almost similar
transmittances of above 84% and electrical conductivities ranging from
0.003 to 0.95 S/cm. Accordingly, it is clearly ascertained from these
results that PVPrGOs can be obtained as electrically-conductive uniform
thin films using a simple and low-cost solution processing favorable for
the further applications.

4. Conclusions

Preparation of PVPrGOs from GO through a carbodiimide-mediated
coupling reaction to introduce double bond followed by in-situ radia-
tion-induced reduction and graft polymerization was successfully de-
monstrated in this research. The grafting degree varied from 17% to
31% with a change in the absorbed dose and monomer concentration.
From the characterization results of UV–vis, ATR-FTIR, XPS, Raman,
XRD, and AFM, it was confirmed that the polymerizable double bond is

manifestly introduced at the COOH of GO, and PVPrGOs are success-
fully synthesized via the reduction of MGO with a simultaneous graft
polymerization of NVP at the double bonds during the irradiation. The
PVPrGOs exhibited the good long-term dispersion in aqueous solvent
even at 2mg/mL and homogenous thin-film formability. Furthermore,
the electric conductivity of PVPrGOs thin film varied from 0.003 to
0.95 S/cm which was dependent on the absorbed dose and monomer
concentration. Therefore, it is strongly suggested from the overall re-
sults that this radiation technology can be used in the preparation of
solution-processible graphene for the electronic and biological appli-
cations.
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