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Chlorination of Reduced Graphene Oxide Enhances the
Dielectric Constant of Reduced Graphene Oxide/Polymer
Composites
Jin-Young Kim, Wi Hyoung Lee, Ji Won Suk, Jeffrey R. Potts, Harry Chou,
Iskandar N. Kholmanov, Richard D. Piner, Jongho Lee, Deji Akinwande,
and Rodney S. Ruoff *
Graphene, a monolayer of carbon atoms arranged into a
two-dimensional honeycomb lattice, has attracted tremendous attention owing to its electrical, optical, thermal, and
mechanical properties.[1–4] These properties suggest applications that include field-effect transistors, supercapacitors,
and sensors, among many others.[5–7] Graphene oxide (G-O)
can be chemically reduced to obtain colloidal suspensions
of reduced G-O (rG-O) in organic solvents without the use of
surfactants.[8–10] Such rG-O suspensions have been studied for
many applications, including transparent conducting films and
batteries.[11–13]
The dielectric properties of conductor-insulator composites have been previously studied.[14–16] The concentration and
aspect ratio(s) of the conducting fillers in these composites, and
their spatial distribution, determine the conductor-insulator
transition.[14–22] Conductive fillers include metal nanoparticles,
carbon nanotubes, carbon black, and carbon fibers.[14–19] The
conductor-insulator composites are attracting much attention
for potential applications of charge-storage capacitors, thinfilm transistors, and antistatic materials owing to their unique
properties, i.e., a dramatic increase in dielectric constant in
the conductor-insulator composite films near the percolation
threshold.[16–18] However, these films have not been used for
any practical applications due to issues such as high sintering
temperatures (over 1300 °C for metal particles), high dielectric
loss, and excessive thickness.[23–25]
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We present here the dielectric performance of a composite
film composed of chlorinated rG-O (hereafter Cl-rG-O) and
cyanoethyl pullulan polymer (CEP) as a ferroelectric polymer.
We chose the rG-O platelets as conducting fillers because these
can be chemically functionalized by a simple process and can
be easily dispersed in organic solvents. CEP is a ferroelectric
polymer. It has a high dielectric constant among several polymers
and can be easily dissolved in N,N-dimethylformamide (DMF)
solvent. Partial chlorination of rG-O platelets was achieved with
chloroform (CF) and separately with chlorobenzene (CB) (see
Figure 1). The extent of chlorination of rG-O was evaluated
by Raman spectroscopy and X-ray photoelectron spectroscopy
(XPS). In order to investigate the effect of CF or CB treatment
of rG-O platelets on the dielectric performance of the CEP,
rG-O/polymer and Cl-rG-O/polymer composite films (less than
2.5 μm thick) were made. The dielectric constant of the composite film containing rG-O gradually increased with increasing
rG-O concentration. The composite films were spin-coated and
composed of a mixture containing 0.087 wt% rG-O, 81.942 wt%
DMF, and 17.971 wt% CEP. The resulting rG-O/polymer films
had a dielectric constant of 24, with a dielectric loss of 0.051
at 10 Hz. For Cl-rG-O/polymer composite films, the dielectric
constant was 169 (a factor of 5.5 increase compared to rG-O/
polymer films) with dielectric loss of 0.05 at 10 Hz. This large
enhancement in the dielectric constant is attributed to the
interfacial polarization between the Cl-rG-O platelets and the
polymer, along with the polar and polarizable C–Cl bonds.
Figure S1a and S1b show atomic force microscopy (AFM)
images of the phenyl isocyanate-functionalized rG-O platelets
before and after CF treatment. Height profiles were obtained
in non-contact mode, as shown in the insets of Figure S1a and
S1b, while the step height was measured from the surface of
the substrate to the rG-O sheet (Nanotec Electronica, WSxM
5.0 software).[26] The step height of the rG-O before and after
the CF treatment was found to be 0.6 to 0.8 nm (roughly the
height of a single-layer rG-O platelet).[9] It is difficult to discriminate the thicknesses between the rG-O and Cl-rG-O platelets by
an AFM measurement due to the short bonding length (around
2 Å) of C-Cl and the partial chlorination (2 at%).
X-ray photoelectron spectroscopy (XPS) was used to analyze the composition of phenyl isocyanate functionalized rG-O
platelets (in the aforementioned spin-coated films) before and
after the CF or CB treatment, as shown in Figure 2. These
XPS spectra were similar to previous XPS spectra on rG-O
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band from a two phonon scattering process),
and a peak near 2980 cm−1 (due to the D+D’
band).[32] The D-band corresponds to the presence of residual oxygen and point defects,
as well as the structural disorder induced
by tears, wrinkles, and folds in rG-O.[11,33]
After CF or CB treatment, the position of the
G-band was blue-shifted, while the position
of the D-band did not change. This blue shift
of the G-band position has been attributed to
phonon stiffening with doping of rG-O.[34,35]
In Figure 3b, the relationship between the inplane crystallite size (La) and the position of
the G-band is shown to further illustrate the
doping effect by the CF or CB treatment of
rG-O. The La value, which is used to study the
effects of doping, can be assessed by use of
the Tuinstra–Koenig relation:
La (nm) = 2.4 × 10−10 λ4 ID IG−1

−1

(1)

where λ is the laser wavelength used for
Raman measurement and ID (IG) is the
intensity of the D- (G-) band.[36–38] The La for
Cl-rG-O was lower than that of rG-O, perhaps
due to more defects by incorporating Cl atoms on rG-O.[39] This
observation, taken together with the detected blue shift in the
G-band, implies that the rG-O is doped with Cl by the CF and/or
CB treatment. In this system, decomposition of CF of CB during
sonication could form, for example, chlorine radicals or chlorine
gas that would readily react with rG-O, as shown in Figure 4.
It has been reported that p-type doping of single-walled carbon
nanotubes can be achieved by a similar treatment using organic
solvents, such as o-CB and CF.[40] As one test of the role of
sonication, rG-O was simply dispersed in CF or CB without
sonication and spin-coated onto a SiO2(300 nm)-Si wafer, and
XPS and Raman spectra of the resulting rG-O samples were
collected. All rG-O samples showed clear C 1s, N 1s, and O
1s peaks, as shown in Figure S3a in the Supporting Information. However, Cl 2p peaks were not detected (see Supporting
Information, Figure S3b). In the case of Raman analysis, these
spectra had peaks at 1356, 1590, and 2700 cm−1 with no change
in the position of the G- (2D-) band compared to ‘neat’ rG-O
samples, as shown in Figure S4 in the Supporting Information,
suggesting that sonication helps drive the reaction of CF or CB
with the rG-O platelets.
In addition, the dispersions were found to be stable and homogeneous. As shown in Figure S5a in the Supporting Information, the Tyndall effect was observed with a green laser for rG-O
platelets dispersed in DMF, thus implying that the rG-O platelets
form a stable colloidal suspension in DMF. No rG-O particles
were observed to have precipitated from the mixture after two
months, as shown in the inset of Figure S5b in the Supporting
Information. The Cl-rG-O platelets also are stable in DMF.
Three different types of composite films were fabricated to
investigate the effect of CF or CB treatment (with sonication)
of rG-O on the dielectric performance of the composites (see
Figure 5). These included an undoped rG-O/polymer composite
film (labeled in the figure as rG-O), a CF-treated rG-O/polymer

Figure 1. The process for producing chemically-reduced (phenyl isocyanate-treated) graphene
oxide (rG-O) by hydrazine reduction and the fabrication process for Cl-rG-O/cyanoethyl pullulan polymer composite.

platelets.[27–29] The rG-O treated with CF or CB showed clear Cl
2p peaks, while no Cl 2p peak(s) were detected for the neat rG-O
films, as shown in the inset of Figure 2a. Figure 2b–d show the
deconvoluted C 1s peaks of rG-O. These components have been
attributed to C=C/C–C (284.6 eV), C–N (286.2 eV), C–O/C–O–C
(287.4 eV, hydroxyl and epoxy), C=O (288.8 eV, carbonyl), O–C=O
(290.3 eV, carboxyl), and π–π* (291.8 eV) groups.[11,28,30,31] No
change in the peak position of the deconvoluted C 1s peak was
observed in the XPS spectrum of rG-O platelets before and after
the CF or CB treatment. In the case of the rG-O after the CF
or CB treatment, the peaks between 286 and 287 eV increased
in intensity, perhaps due to the signal from the C-Cl groups
(286.5 eV) overlapping with the signal from oxygen-containing
groups.[28] Figure 2e,f show the deconvoluted spectra of Cl 2p
for rG-O after the CF or CB treatment. Peaks at 200.3 eV and
202 eV were assigned to Cl–C and Cl–C=O groups, respectively,
providing evidence that a reaction took place between CF (or CB)
and rG-O.[28] These spectra indicated 1.7 and 1.8 at% Cl content
after CF or CB treatment, respectively, while no Cl content was
detected in the rG-O that was not exposed to CF or CB treatment. From these XPS results, it is thus suggested that Cl atoms
or Cl-containing functional groups can be bonded to rG-O by
this type of treatment with the CF or CB. Fourier transformed
infrared (FTIR) spectra of these samples agreed with the XPS
results. As shown in Figure S2 in the Supporting Information,
the rG-O treated with CF or CB exhibited a peak at 630 cm−1,
corresponding to C-Cl stretching, while no peak was detected
prior to treatment with CF or CB.
Raman spectroscopy was used to further examine the effect
of CF and CB treatment on rG-O, as shown in Figure 3a. The
Raman spectra of the rG-O and CF or CB treated rG-O samples
were all similar. All three had a peak near 1350 cm−1 (defectrelated D-band), a peak near 1590 cm−1 (the G-band originating
from in-plane optical vibrations), a peak near 2700 cm−1 (the 2D
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The effect of the rG-O concentration in the
composite film on dielectric performance at
a driving voltage of 0.1 V and a frequency of
1 kHz was studied. Figure 5a,b show the dielectric constant and dielectric loss of the composite films at varying rG-O concentrations
up to 1 mg/ml (0.106/99.894 wt%) of rG-O in
DMF, which is reported to be the maximum
concentration of rG-O that exhibits longterm stability when dispersed in DMF;[9,22]
indeed we made a 1.5 mg/ml rG-O/DMF
(0.16/99.84 wt%) suspension and the rG-O
platelets were found to be partially aggregated
after about a day. The dielectric constant of
the composite films increased with increasing
rG-O concentration, and the dielectric losses
were less than 0.035 at 1 kHz. The composite
film fabricated using a 1 mg/ml rG-O/DMF
suspension exhibited a 21% increase in the
dielectric constant (20.3) over the neat polymer
film (that had a dielectric constant of 16), with
a dielectric loss of 0.034 at 1 kHz. This is
likely a result of interfacial polarization: the
neighboring rG-O platelets and a thin layer of
polymer in between (and/or the rG-O platelets
and electrode in between) could form internal
barrier layer capacitors (IBLCs). Generally,
IBLCs are formed by the conductive fillers
with thin dielectric in between; each IBLC contributes a large capacitance.[16,41] An external
alternating electric field can induce the migration of electric charge carriers, which generated either by surface plasma resonance or by
charge injection from the external electrodes,
Figure 2. a) XPS spectra of the rG-O before and after the CF (or CB) treatment. All of the rG-O
at the interface between the rG-O platelets and
samples showed clear C 1s, N 1s, and O 1s peaks. Cl 2p peaks were detected for the rG-O
samples after the CF (or CB) treatment. b–d) High-resolution XPS spectra of the C 1s peak for polymer, resulting in differential charge accumulation due to different relaxation times of
the rG-O: b) before and c,d) after CF (c) or CB (d) treatment. e,f) High-resolution XPS spectra
of the Cl 2p peak for rG-O: after CF (e) or CB (f) treatment. Deconvolution revealed the pres- the two phases. The accumulated charge carence of C–Cl (200.3 eV) and Cl–C=O (202 eV) groups.
riers can induce a polarization, resulting in an
increased dielectric constant. Note that none
of the composite samples were electrically conducting (i.e., for
composite film (rG-O/CF), and a CB-treated rG-O/polymer
each sample tested, the loading of rG-O platelets was below the
composite film (rG-O/CB). Each composite film had a thickpercolation threshold concentration).
ness of less than 2.5 μm.

Figure 3. a) Raman spectra of the rG-O before and after the CF (or CB) treatment. b) The in-plane crystallite size as a function of the position of G-band
for rG-O platelets before and after the CF (or CB) treatment.
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Figure 4. Schematic diagrams of proposed reactions during the chlorination of the isocyanate functionalized rG-O platelets where chlorine gas or
chlorine radicals would react with rG-O sheets to form C–Cl bonds.

Next, the effect of CF or CB treatment of the rG-O on dielectric performance was investigated. The dielectric performance
of the Cl-rG-O composite films was measured at 0.1 V and at

frequencies from 10 Hz to 1 MHz, as shown in Figure 5c,d.
The dielectric constant of the films decreased slightly with
increasing frequency, while the dielectric losses increased.[42]

Figure 5. a) The dielectric constant and b) dielectric loss of the composite films as a function of rG-O concentration up to 1 mg/ml (0.106/99.894 wt%).
c) The dielectric constant and d) dielectric loss of the composite films: neat polymer, rG-O/polymer composite, CF-treated rG-O/polymer composite,
and CB-treated rG-O/polymer composite, as a function of applied frequencies ranging from 10 Hz to 1 MHz.
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The dielectric constants of the CF- and CB-treated composite
films were 169 and 172, respectively, with a dielectric loss of
less than 0.05 for both films at 10 Hz, and the dielectric constants of the CF- and CB-treated composite films were 87 and
88.5, respectively, at 1 kHz. At 10 Hz the Cl-rG-O composite
had a dielectric constant increased 5.5-fold compared to the
untreated rG-O/polymer composite film (dielectric constant of
24). The dielectric constant of the Cl-rG-O/polymer composite
film is huge compared to the neat polymer for frequencies
less than 1 kHz. The dielectric constant decreases rapidly with
increasing frequency until leveling-off at a few hundred Hz
(see Supporting Information, Figure S6). This trend is due to
interfacial polarization. In general, interfacial polarization can
lead to the enhancement of dielectric constant at low frequencies, and can induce a rapid decrease in dielectric constant with
increasing frequency.[41,43] At higher frequencies, the polarization can no longer follow rapid changes in the external electric
field and relaxation can occur, resulting in a sharp decrease in
dielectric constant. The rG-O/polymer composite film shows
behavior similar to the Cl-rG-O/polymer composite at low frequency, while the neat polymer film does not. Therefore, interfacial polarization is responsible for the enhanced dielectric
constant observed in the Cl-rG-O (or rG-O)/polymer composite
film.
We suggest that the mechanism for the large increase in the
dielectric constant is as follows. Presuming that C-Cl bonds are
present in the Cl-rG-O platelets, the relatively high permanent
dipole moment and high polarizability of these bonds could
increase the dielectric constant of the composite (see Figure 4).
We do not believe that other pairs or groups of atoms contribute
significantly to the polarity of the platelets, because the untreated
rG-O/polymer films did not exhibit significant increases in the
dielectric constant before CF or CB treatment. In addition, the
conductivity of the Cl-rG-O (or graphene) sheet was increased,
possibly due to a p-type doping effect resulting from the presence of electronegative Cl atoms.[28,44–46] The higher conductivity of the Cl-rG-O platelets may increase the density of the
accumulated charge carriers at the interfaces between the ClrG-O platelets and the polymer, leading to an increased interfacial polarization[47] that would contribute to an increased
dielectric constant. Figure S7 in the Supporting Information
shows the relationship between the rG-O or Cl-rG-O (platelets)
conductivity and the dielectric constant of the composite films.
The electrical resistance of each rG-O sample, prepared by spincoating of rG-O suspensions without polymer, was measured
by the van der Pauw method, and the electrical conductivity was
calculated from those measurements. The conductivities of the
CF- and CB-treated rG-O platelet films were found to be 1415
and 1488 S/m, respectively, while the untreated rG-O platelet
films had a conductivity of 734 S/m. Hence, the dielectric constant of composite films evidently increased with the conductivity of the rG-O platelets, suggesting that interfacial polarization was increased as a result of the CF or CB treatment.
The dielectric strength of the composite films was measured
for the neat polymer, polymer with rG-O, polymer with rG-O/
CF, and polymer with rG-O/CB. Figure S8 in the Supporting
Information shows the leakage current density as a function
of applied field. Leakage current density was measured at an
applied field of 45 V/μm, since the fluorine-doped tin oxide

electrode was seriously damaged for applied fields of more than
45 V/μm. At 45 V/μm, the leakage current densities of the composite films were 8.85 × 10−8, 4.15 × 10−7, 1.49 × 10−6, and 1.50 ×
10−6 A/cm2 for the neat polymer, polymer with rG-O, rG-O/CF,
and rG-O/CB, respectively. The leakage current densities for
the composite films of the polymer with rG-O, rG-O/CF, and
rG-O/CB were higher than that for the neat polymer film at the
same field. This phenomenon can be interpreted through the
rG-O platelet interactions that are described below. The rG-O
platelets are randomly dispersed in a polymer matrix. While
these rG-O platelets are not connected geometrically, they may
be connected electrically via tunneling. As previously mentioned, the neighboring rG-O platelets, along with a thin layer
of polymer between them, could form IBLCs. When an electric
field is applied to the composite film, the thin layer of polymer
between rG-O platelets acts as a tunnel barrier. The tunneling
of electrons between two adjacent rG-O platelets (conductive
fillers) can occur even at relatively low electric field. Therefore,
the leakage current density of the composite films with rG-O
was higher than that of the neat polymer film. In addition, the
high conductivity of the rG-O platelet with CF (CB) treatment
can induce yet higher leakage current density, as shown in
Figure S8 in the Supporting Information. The leakage current
density curves for the composite films with rG-O, rG-O/CF, and
rG-O/CB show a sudden increase in the electric field interval of
≈15–17 V/μm. This jump may be because the tunneling barrier
was overcome at that electric field.
In conclusion, composite films consisting of CF and CBtreated, phenyl isocyanate-functionalized rG-O and cyanoethyl
pullulan polymer were made. Functionalization of the rG-O
platelets with Cl atoms and Cl-containing functional groups
was achieved by treatment of rG-O/DMF mixtures with CF or
CB, as shown by XPS and Raman analysis. The Cl-rG-O platelets showed a 93% increase in conductivity, perhaps due to a
p-type doping effect created by Cl atoms. The dielectric constant of the non-chlorinated rG-O/polymer composite film was
24 with a dielectric loss of 0.051. For the case of the Cl-doped
rG-O/polymer composite film, the dielectric constant was 169
with a low dielectric loss of 0.050 at 10 Hz. This large increase
in dielectric constant was possibly caused by the combination
of the polar and polarizable C-Cl bonds and increased interfacial polarization.

Experimental Section
Figure 1 shows the fabrication process of the rG-O/polymer or Cl-rG-O/
polymer composite films. First, phenyl isocyanate-functionalized
rG-O was synthesized (details in Supporting Information), then, the
phenyl isocyanate-functionalized rG-O was dispersed in DMF using an
ultrasonic bath (1 h sonication time), at varying concentrations up to
1 mg/ml (1 mg rG-O/934.4 mg DMF; thus, 0.106/99.894 wt%). Next,
CEP was dissolved into the solution, and this mixture was stirred for
12 h. The weight ratio of the polymer to the rG-O/DMF suspension
was 18 to 82, which was found to be an appropriate ratio of polymer
to rG-O suspension to produce uniform, thin composite films. Based
upon the relative concentration of rG-O platelets in the suspension
to the polymer, the final loading of rG-O in the composite film was
approximately 0.48 wt% (polymer = 99.52 wt%). In the case of the
Cl-rG-O/polymer composite film, the rG-O was first dispersed in the
DMF at a concentration of 1 mg/ml. Then, 2.7 vol% of CF (or in separate
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experiments, 2.7 vol% of CB) was added to the rG-O/DMF suspension
and the mixture was treated in an ultrasonic bath for 1 h. Next, 18 wt%
CEP was dissolved into the mixture by stirring for 12 h. From these
two different mixtures (i.e., CF-treated or CB-treated rG-O), two types
of films were made (see Supporting Information, Figure S9a). The
dispersions were spun-coat onto fluorine-doped tin oxide (FTO)-coated
glass and dried at 130 °C for 30 min. Cr(5 nm)-Au(50 nm) electrodes
were then deposited onto the films by thermal evaporation. Figure S9b
in the Supporting Information shows a scanning electron microscope
(SEM) image of a tilted Cl-rG-O/polymer composite film. The thickness
of the composite film was measured by SEM to be 2.5 μm and it had a
smooth surface.
The dielectric properties of the composite films on FTO-coated glass
were measured with a semiconductor device analyzer (Agilent, B1500A).
These measurements were taken at a voltage of 0.1 V and over a range of
frequencies. The thicknesses of the composite films were obtained with
a Dektak, 6M Stylus Surface Profilometer and the morphology of rG-O
(or Cl-rG-O) platelets was examined by AFM (PSIA, XE-100). To evaluate
whether the rG-O platelets were chlorinated, samples were examined by
Raman spectroscopy (WiTec Alpha, 488 nm laser wavelength) and XPS
(Al Kα radiation at 15 kV, 150 W). Films of neat rG-O or of Cl-rG-O were
separately prepared by dispersing 1 mg (0.106 wt%) of rG-O (Cl-rG-O)
platelets in 1 ml (99.894 wt%) of DMF, and this dispersion was deposited
onto a SiO2/Si substrate by spin-coating and then dried at 130 °C for
30 min under air atmosphere. These films were then characterized by
Raman, XPS, AFM, and conductivity measurements.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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