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ABSTRACT: A facile and efficient approach was developed to
simultaneously functionalize and reduce graphene oxide (GO)
with p-phenylene diamine (PPD) by simple refluxing. This was
possible by the nucleophilic substitution reaction of epoxide
groups of GO with amine groups of PPD aided by NH; solution.
As a consequence, electrical conductivity of GO-PPD increased to
2.1 X 10* S/m, which was nearly 9 orders of magnitude higher
than that of GO. Additionally, after the incorporation of GO-PPD
in polystyrene (PS), the composites exhibited a sharp transition
from electrically insulating to conducting behavior with a low
percolation threshold of ~0.34 vol %, which was attributed to the
improved dispersion and the reduction of GO-PPD. Thermal
stability of the PS/GO-PPD composite was also ~8 °C higher than

that of PS.
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B INTRODUCTION

Graphene has attracted wide attention because of its high
electrical conductivity,l_3 high thermal conductivity,“_6 and
superior mechanical groperties.7’8 Several methods, such as the
scotch tape method,” chemical vapor deposition,"”"" epitaxial
growth on electrically insulating surface,'” have been employed
in preparing graphene nanosheets. However, scaling up is a
major hurdle with these methods. It has been well-
demonstrated that GO is an excellent precursor to prepare
graphene by ultrasonic exfoliation and chemical reduction.>~"”
For example, Stankovich et al.'"* reduced ultrasonically
exfoliated GO with hydrazine hydrate. Owing to the formation
of unsaturated and conjugated carbon atoms, electrical
conductivity of reduced GO was improved. But surface
functionalization of GO prior to the chemical reduction was
still necessary to prevent the aggregation of reduced GO
nanosheets and improve their dispersion in polymer matrices.
In view of this, Xu et al."® used dopamine to reduce GO with
simultaneous capping by polydopamine (from self-polymer-
ization of dopamine) to provide a versatile platform for
covalent grafting of functional polymer brushes. Chen et al."
reduced GO with p-phenylene diamine (PPD) at 90 °C for
24 h, leading to high electrical conductivity of the reduced GO.
Furthermore, the reduced GO was well-dispersed in ethanol
because of its positive charge due to the adsorption of oxidized
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PPD. In another study, GO was functionalized based on the
reaction of di-isocyanates with carboxyl and hydroxyl groups of
the GO nanosheets, which effectively prevented face-to-face
stacking of the nanosheets.'® Even a pillared graphitic structure
with tailored interlayer spacing was also reported by using
diaminoalkanes as an intercalating and stitching agent of GO."
On the basis of the above literature review, it is clear that
reduction and surface functionalization of GO is important in
tuning the properties that can lead to novel functional
materials. In our previous investigation, we have found that
octadecylamine (ODA) can simultaneously functionalize and
reduce GO by simple refluxing without the use of any reducing
agents.18 Because of the reduction, electrical conductivity of
GO-ODA increased to 1.2 X 107 S/m, which was 3 orders of
magnitude higher than that of GO. Compared to ODA, PPD is
expected to be more efficient in reducing and functionalizing
GO as it bears two-terminal amine goups. Also, the benzene
group of PPD will benefit the compatibility of GO-PPD with
PS matrix. In this work, therefore, GO was simultaneously
reduced and functionalized with PPD by simple refluxing.
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B EXPERIMENTAL SECTION

Materials. Natural graphite flakes were kindly provided by
Huadong Graphite Factory (China) with an average diameter of 48 ym.
Fuming nitric acid (65—68%), concentrated sulphuric acid (95%-
98%), hydrochloric acid (36—38%), potassium chlorate (98%),
tetrahydrofuran (THF, 99.7%), methanol (99.5%), and ethanol
(99.7%) were purchased from Beijing Chemical Factory (China).
PPD was obtained from Tianjin Guangfu Fine Chemical Research
Institute (China). PS resin with a trade name of 158 K was purchased
from BASF-Yangzi Co. Ltd. (China). All the other reagents and
solvents were purchased from Beijing Chemical Factory (China) and
were used without further purification.

Reduction and Functionalization of GO with PPD. GO was
synthesized from natural graphite by the modified Staudenmaier

Scheme 1. Schematic of the Reaction of GO with PPD
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method.”° In a typical procedure for preparing GO-PPD, GO (60 mg)
was dissolved and exfoliated in 120 mL of deionized water via
ultrasonication with a JY99—2 DN ultrasonicator (Ningbo, China).
Subsequently, PPD (600 mg) and NH; solution (360 yL) were added.
The mixture was refluxed with mechanical stirring at 95 °C for 3 h and
filtrated with a PP membrane with an average pore size of 0.2 ym. The
filtrate cake was rinsed in ethanol with the aid of ultrasonication for
S min and then filtrated. The rinsing-filtration process was repeated for
a few times to remove the physically adsorbed PPD. Finally, the filtrate
cake was dried in an oven at 80 °C for 24 h.

Preparation of PS/GO-PPD Composites. PS composites were
prepared by solution blending. The GO-PPD or GO powder was
dispersed and exfoliated in THF by ultrasonicator. The resulting
suspension was mixed with PS that was dissolved in THF at 35 °C.
After homogenization using an IKA T18 homogenizer (Germany) for
2 h at ambient temperature, the mixture was poured into a large
volume of vigorously stirred methanol to coagulate PS composites.
The precipitate was obtained by filtrating and drying successively in an
air-circulating oven at 80 °C for 12 h and a vacuum oven at 80 °C for
24 h. Finally, PS/GO and PS/GO-PPD composites were compression-
molded to 1 mm thick plates using a Beijing Kangsente KT-0906
vacuum hot-press (China) at 210 °C for 25 min.

Characterization. A ThermoVG RSCAKAB 250X high-resolution
X-ray photoelectron spectroscopy (XPS) was used to characterize the
surface compositions of GO and GO-PPD. The UV—vis absorption
spectroscopy was conducted with a Hitachi UV-3010 spectropho-
tometer over the wavelength range from 200 to 500 nm. Atomic force
microscopy (AFM) measurements were carried out with a Multimode
SPM (Digital Instruments). The samples for AFM images were
prepared by depositing a dispersed GO solution (0.1 mg/mL) onto a
freshly cleaved mica surface and allowing them to dry in air. X-ray
diffraction (XRD) spectra measurements were carried out using a
Rigaku D/Max 2500 diffractometer with CuKa radiation (4 = 1.54 A)
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Figure 1. C 1s XPS spectra of (a) GO, (b) GO-PPD-1S min, (¢) GO-PPD-3 h, and (d) general spectra.
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at a generator voltage of 40 kV and a generator current of S0 mA with
a scanning speed of 4°/min from 4 to 40°. GO and GO-PPD were
analyzed with a Nicolet Nexus 670 Fourier-transform infrared
spectroscopy (FT-IR). GO and GO-PPD films were obtained by
vacuum filtration with PP membranes (an average pore size of
0.2 ym), and subsequently, dried at 80 °C for 24 h. The volume
conductivities of the films were measured with a 4-Probes-Tech RTS-8
four-probe resistivity meter (China). A Hitachi S4700 field emission
scanning electron microscope (SEM) was used to observe the
dispersion of GO and GO-PPD in PS matrix at an accelerating
voltage of 20 kV. Transmission electron microscope (TEM)
observations were performed on a Hitachi H-800 electron microscope
operating at an accelerating voltage of 200 kV. For TEM observations,
ultrathin sections were cryogenically cut with a diamond knife using a
Leica EM UC6 ultramicrotome and collected on 200-mesh copper
grids. Thermogravimetric analysis (TGA) was carried out on a TA
Q600 thermal analyzer under a nitrogen atmosphere at a heating speed
of 10 °C/min. Volume conductivities of PS and its composites with
conductivities lower than 1 X 10™* S/m were measured by a ZC-90G
resistivity meter from Shanghai Taiou Electronics (China), whereas
that for materials with conductivity higher than 1 X 107* S/m were
measured with the four-probe resistivity meter.

B RESULTS AND DISCUSSION

Reduction and Functionalization of GO with PPD. GO
can be dispersed well in water due to the hydroxyl, carboxyl,
and epoxide groups on its surface. The average thickness of GO
measured by AFM is about 0.89 nm (see Figure S1 in the
Supporting Information). The functionalization of GO with
PPD by the reaction between amine groups of PPD and
epoxide groups of GO is shown in Scheme 1. A first indication
of the reduction of GO is the color change of GO aqueous
solution from brownish yellow to black after PPD was added
and reacted for 15 min. XPS was used to characterize the
removal of oxygen groups and the formation of chemical bonds
on the surface of GO before and after its functionalization with
PPD (Figure 1). As for GO, four different peaks centered at
284.8, 286.3, 287.0, and 288.4 eV are observed, corresponding
to C—C in unoxidized graphite carbon skeleton, C—OH in
hydroxyl group, C—O—C in epoxide group, and O—C=0 in
carboxyl group, respectively. After the reaction with PPD for
15 min (Figure 1b), the peaks corresponding to the oxygen-
containing groups are significantly weakened, especially the
peak of C—O—C in epoxide group. Accordingly, the atomic
ratio of carbon and oxygen (C/O) increased from 2.6 for GO
to 6.9 in GO-PPD-15 min. With increase of the reaction time to
3 h (Figure lc), the C/O ratio increased to 7.8 (Figure 1d),
indicating that most of the oxygen-containing groups are
removed after the reduction. Moreover, a new characteristic
peak corresponding to C—N group located at 285.6 eV
appeared, suggesting that PPD is grafted onto GO nanosheets.

As shown in Figure 2a, the UV—vis spectrum of GO solution
exhibits two characteristic features: a maximum at 237 nm,
which can be attributed to 7—7z* transition of aromatic C—C
bond; and a shoulder at 302 nm corresponding to n—r*
transition of C=O bonds. For GO-PPD-15 min solution, the
absorption peak shifted to 258 nm. With an increase in reaction
time to 3 h, the peak shifted slightly to 271 nm, indicating the
reduction of GO and the formation of electronic conjugation
within the graphene sheets.”"**

The reduction of the oxygen-containing groups in GO by
PPD was also confirmed by FT-IR spectroscopy (Figure 2b).
As GO contains hydroxyl, carboxyl and epoxide groups, the
bands at 3432 cm™" and 1390 cm ™" are associated, respectively,
with stretching and deformation vibrations of O—H bond of
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Figure 2. (a) UV—vis absorption spectra of (1) GO, (2) GO-PPD-15
min, and (3) GO-PPD-3 h; (b) FTIR spectra of (1) GO, (2) GO-
PPD-15 min, and (3) GO-PPD-3 h; (c) XRD pattern of (1) GO, (2)
GO-PPD-15 min, (3) GO-PPD-30 min, (4) GO-PPD-3 h, and (5)
GO-PPD-3 h in the absence of NH.

CO—H; while the bands at 1716, 1629, and 1059 cm™! are due
to C=0 in carboxyl group, C=C in aromatic ring, and C—O—
C in epoxide group, respectively. After the reaction with PPD,
the characteristic absorption bands of —OH, —COOH, and
—C—0-C- of GO decreased (both for 15 min and 3 h re-
action time), implying the magnitude of reduction. Further-
more, a new peak at 1178 cm™' (C—N stretching vibration)
appeared, indicating the formation of C—=NH—C bands due to
the chemical grafting of PPD to GO surface via nucleophilic
substitution reaction between the amine group of PPD and the
epoxide group of GO. This conclusion is also supported by the
presence of new peaks of deformation and stretching of N—H
in —C—NH, groups at 733 and 1563 cm™', and the peak of
H-bond interaction between —NH, and oxygen-containing
groups of GO at 3219 cm™".

dx.doi.org/10.1021/am201654b | ACS Appl. Mater. Interfaces 2012, 4, 1948—1953



ACS Applied Materials & Interfaces

Research Article

E 10
Ll
'é. 1
2 E -
§ 10 g
]
B e
& 10° =
ki
< 10°
frr
10”
GO 15 min 3h
Time

100 4

90

80

70 4

60

50 v v
0

T ki T ¥ T b
200 300 400
Temperature (°C)

T
500 600

Figure 3. SEM images of (a) GO and (b) GO-PPD-3 h films; (c) electrical conductivities of GO, GO-PPD-1S min, and GO-PPD-3 h films; (d)
normalized TGA curves of (1) GO, (2) GO-PPD-1S min, (3) GO-PPD-3 h in the absence of NH;, and (4) GO-PPD-3 h.

Figure 4. SEM photographs of (a) PS/3 wt % GO and (c) PS/3 wt %
GO-PPD composites; TEM photographs of (b) PS/3 wt % GO and
(d) PS/3 wt % GO-PPD composites.

Furthermore, the functionalization of GO with PPD is well-
reflected in its XRD pattern (Figure 2c). The characteristic
diffraction peak of GO is at 11.8° corresponding to an
interlayer distance of 0.75 nm. This value is significantly larger
than that of pristine graphite (~0.34 nm) because of the
introduction of oxygenated functional groups on carbon
sheets.”® Compared to GO, GO-PPD exhibits a diffraction
peak at smaller diffraction angle of ~5.9° (dy, = 1.49 nm)
suggesting a significant enlargement in interlayer spacing,®
which is attributed to the chemical grafting of PPD onto GO
via nucleophilic substitution reaction."®** The following
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Figure 5. Electrical conductivity of PS/GO and PS/GO-PPD
composites as a function of filler content.

equation can be used to predict the theoretical value of
interlayer spacing: doy, = Tgo+ T, where Tqg is the thickness
of the GO layer and T is the length of the rigid PPD chain.”*
The theoretically predicted length of the PPD chain (I = Icos
72° + 2L¢_y) was 047 nm (Scheme S1, in the Supporting
Information). If the average thickness of GO layer of 0.89 nm is
used, dy, is calculated to be 1.36 nm, which is a little lower
than the experimental value (1.49 nm). The differences
between the two values are due to the existence of some
other structures (see Scheme S1 in the Supporting
Information). In addition, a broad peak at ~24.1° appears,
that may be due to the restacking of the exfoliated and modified
graphene sheets.”® As for the GO-PPD-3 h specimen without
NHj;, its XRD pattern exhibits a peak at 14.5°, much larger than
~5.9° of GO-PPD-3 h with NHj solution, implying that the
presence of NH; provides an alkaline environment that is
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Figure 6. (a) TGA and (b) differential thermogravimetry curves of PS, PS/2 wt % GO and PS/2 wt % GO-PPD-3 h composites.

beneficial to the nucleophilic substitution reaction between GO
and PPD. Similar observation was reported by others as well.””

Morphology, Electrical Conductivity, and Thermal
Stability of GO-PPD. GO and GO-PPD films were prepared
by vacuum filtration through porous PP membranes. A striking
difference between GO and GO-PPD films is their roughness.
The surface of GO film is fairly smooth (Figure 3a) compared
to GO-PPD film (Figure 3b). In line with the previous work, ¢
this is believed to be due to the presence of rigid phenyl groups
of PPD that act as covalently linked nanoscale spacers impeding
the face-to-face stacking of GO sheets. Because of the chemical
reduction with PPD in the presence of ammonia solution, the
electrical conductivity of GO-PPD with refluxing time of 3 h
reaches 2.1 X 10> S/m (Figure 3c), which is much higher than
that (1.2 X 107 S/m) of GO-ODA."®

Also, the functionalization and reduction of GO with PPD
improves the thermal stability of GO (Figure 3d). For GO,
there is a small mass loss (4.0 wt %) around 100 °C due to the
loss of adsorbed water and a main mass loss of 37.4 wt %
around 300 °C owing to the decomposition of the labile oxygen
functional groups, yielding CO,, CO and vapor. The final mass
loss is 41.4 wt % at 500 °C because of the removal of more
stable oxygen functionalities.”® However, for GO-PPD
materials, the final mass losses at 500 °C are 21.7 and 15.0 wt %,
respectively, for 15 min and 3 h reaction times. Even at
300 °C, compared to 37.4 wt % mass loss of GO, for GO-PPD-
3 h it is only 7.0 wt %. These results clearly suggest that
GO-PPD materials possess higher thermal stability than GO.
Moreover, the mass loss of GO-PPD-3 h in the absence of NH,
solution at 300 °C is 12.4 wt %, much larger than that of
GO-PPD-3 h with NH; solution. This indicates that the addition
of NHj; solution is favorable for improving the deoxygenation
of GO.

Electrical Conductivity and Thermal Stability of PS
Composites. The dispersion quality of GO and GO-PPD was
observed with SEM and TEM (Figure 4). Because of the polar
mismatch of GO and PS, dispersion of GO is poor in PS matrix,
evidenced by the presence of large aggregates (Figure 4a, b).
However, GO-PPD exhibits a greatly improved dispersion in
PS matrix (Figure 4c, d), which is attributed to benzene group
of PPD improving the compatibility of GO-PPD with PS.

GO-PPD is also very efficient in improving the electrical
conductivity of PS as indicated by a sharp transition of
conductivity with a small percolation threshold of ~0.34 vol %
(Figure S). This is even lower than that of PS/GO-ODA

1952

composites, which showed a threshold of 0.45 vol %."® The
addition of ~0.69 vol % GO-PPD endows PS with an electrical
conductivity as high as ~2.0 X 1072 S/m, which is sufficient for
many electrical applications,”® although it is slightly lower than
that of functionalized graphene/PS system (~0.1 S/m with
1 vol %).> Nevertheless, the simultaneous surface functionaliza-
tion and reduction approach is advantageous in the production
of conductive graphene composites over conventional separate
functionalization and reduction methods.

The advantage of GO-PPD over GO is also reflected in
thermal stability of PS. Figure 6 shows the TGA results of PS/
GO and PS/GO-PPD composites. It is evident that maximum
decomposition temperature of the PS/GO composite is only
1 °C higher than that of neat PS; in contrast, it is 8 °C higher for
PS/GO-PPD composites because of the improved compatibility
between PS and GO-PPD.”

B CONCLUSION

GO was reduced and functionalized simultaneously by simple
refluxing with PPD in the presence of NHj solution. The
functionalization of GO with PPD substantially enlarged the
interlayer spacing of GO sheets, which effectively prevented
their aggregation after reduction. The addition of NH; solution
provided an alkaline environment that was favorable for the
reduction and nucleophilic substitution reaction between amine
groups of PPD and epoxide groups of GO. The electrical
conductivity of GO-PPD was greatly improved to 2.1 X 10> S/m,
nearly 9 orders of magnitude higher than that of GO. Also, GO-
PPD was efficient in improving the electrical conductivity of PS,
leading to a sharp conductivity transition with a low percolation
threshold, which is a direct result of the improved dispersion
and reduction of GO-PPD compared to GO. The thermal
stability of the PS/GO-PPD composite was also higher than
that of the PS/GO composite.

B ASSOCIATED CONTENT

© Supporting Information

Protocols used to synthesize graphene oxide, AFM image of the
as-exfoliated GO suspension, and a simple model based on
amination of the epoxide groups of GO for the insertion of the
amine molecules in the interlayer zone of GO (PDF). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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