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Abstract Graphene oxide—polyaniline composites were syn-
thesized by an interfacial method using two green solvents,
water and an ionic liquid (1-butyl-3-methylimidazolium
tetrafluoroborate), as the two phases. The interfacial polymer-
ization of aniline was carried out at room temperature in the
presence of graphene oxide dispersed in the aqueous phase.
The analysis revealed the surface of the graphene sheets to be
coated with a smooth thin layer of polyaniline. The thermal
stability of the composites was much better than that of bare
graphene oxide. The composites were used to modify the
glass carbon electrodes for the chemical detection of hydrogen
peroxide in aqueous media. This method is a facile, efficient,
and green route for the development of doped polyaniline
materials suitable for chemical sensors.

Keywords Graphene oxide - Polyaniline - Interfacial
polymerization - Chemical sensor

Introduction

The conductivity of monolayer graphene changes as a func-
tion of the extent of surface adsorption, specific surface
arca, and Johnson noise [1, 2]. Many studies reported
graphene to be a promising candidate for the detection of
molecules ranging from gases to biomolecules [3—10].
Charge transfer between the adsorbed molecules and
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graphene is believed to be responsible for the chemical
response. As molecules adsorb to the graphene surface, the
location of adsorption experiences charge transfer with
graphene as the donor or acceptor, which changes the Fermi
level, carrier density, and electrical resistance of graphene.

Polyaniline (PANI) has attracted considerable attention
for its unique and controllable chemical and electrical prop-
erties; environmental, thermal, and electrochemical stability;
and interesting electronic, optical, and electro-optical prop-
erties [11-14]. PANI has a wide range of tunable properties
emanating from its structural flexibility leading to potential
applications in many fields, such as battery electrodes, anti-
corrosive coatings, energy storage systems, gas sensors, and
electrocatalytic devices [13, 14]. Moreover, PANI has the
highest environmental stability and is recognized as the only
conducting polymer stable in air [15]. PANI has been used
as a sensor material because it is sensitive at room temper-
ature and is expanding its application by combining with
other nanomaterials. PANI has been used as a biosensor
interface because it acts as an effective mediator for electron
transfer in redox or enzymatic reactions and can also be used
as a suitable matrix for the immobilization of biomolecules
[16].

Composites consisting of graphene and PANI have been
developed for different applications in lithium ion batteries,
supercapacitors, catalysts, solar cells, nanodevices, chemical
sensors, and biosensors [17—19]. Improved stability of the
composites has been achieved due to the synergetic combi-
nation of the excellent conducting and mechanical proper-
ties of graphene sheets and the high pseudo-capacitance of
PANI [20]. Moreover, the doping of graphene with
polyaniline enhances the conductivity and mechanical
strength remarkably, resulting in excellent performance as
an electrode material for supercapacitors. In the sensor area,
only a few studies on the use of graphene oxide (GO) and
PANI composites as electrocatalysts have been reported.
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Fan et al. [21] fabricated an electrochemical sensor based on
a graphene—polyaniline nanocomposite for the voltammetric
determination of 4-aminophenol. This sensor showed favor-
able analytical performance for 4-AP detection with a low
detection limit and high sensitivity. The GO/PANI compos-
ite was reported to show preferable electroactivity, even in
neutral media, and exhibit excellent electrocatalytic activity
in the simultaneous determination of ascorbic acid, dopa-
mine, and uric acid [22]. On the other hand, preparing
composite nanosheets with a homogeneous dispersion of
individual graphene sheets within the smooth thin polymer
layer is quite a challenge. This might reduce the electrocat-
alytic activity of the composites, limiting its further appli-
cations to electrochemical sensors.

This paper reports a simple and efficient method to syn-
thesize GO/PANI composites by in situ interfacial polymer-
ization using two green solvents, water and 1-butyl-3-
methylimidazolium tetrafluoroborate ([bmim][BF,4]). This
method minimizes the use of organic solvents. The products
obtained are characterized using the following techniques:
X-ray diffraction (XRD), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), Fourier
transform infrared spectroscopy (FTIR), X-ray photoelec-
tron spectroscopy (XPS), and ultraviolet—visible spectrosco-
py (UV—vis). The composites are also used to modify glass
carbon electrodes for the chemical detection of hydrogen
peroxide in aqueous media.

Experimental
Materials

Graphite powder (99.995 %, Alfa Aesar) was used as re-
ceived. Aniline (99 %, Aldrich) was distilled under reduced
pressure prior to use. [Bmim][BF4] (>98 %, Ionic Liquids
Tech., Germany) was kept in a vacuum oven at 100 °C for
24 h to remove the volatile impurities prior to use. Other
reagents were of analytical grade and used as received.
Water was deionized in the laboratory.

Synthesis of GO

GO was synthesized from graphite powder using a modified
Hummers method [23]. Typically, 2 g graphite powder was
added to a 50-mL concentrated H,SO, along with 2 g NaNO;
in a flask at 0 °C in an ice bath. Subsequently, 6 g KMnO,4 was
added slowly to the solution with vigorous stirring below
20 °C. The ice bath was removed and the flask was placed into
another water bath at 35 °C, while keeping the mixture stirring
for 3 h. The color of the resulting paste became brownish gray.
The paste was diluted with 100 mL deionized water and stirred
for 2 h. A 10-mL H,O, (30 wt%) solution was added slowly to
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the suspension along with 100 mL of a HCI (10 % v/v) solution.
The mixture was centrifuged and washed with deionized water
until the decanted solution was neutral. The product was dried
at room temperature under vacuum for 24 h.

Synthesis of GO/PANI composite

In a typical experiment, 0.5 g aniline was dissolved in
10 mL ionic liquid (IL) and 50 mg GO was dispersed
in10 mL DI water, which was followed by the addition of
0.5 mL hydrochloric acid (1 M HCI) and 2.9 g potassium
persulfate (KPS). The molar ratio of KPS to aniline was 2:1.
The two solutions were transferred carefully to a vial and an
interface was formed between the aqueous phase and IL
phase. Green PANI formed at the interface was then diffused
gradually into the aqueous phase. After 2 h, the entire water
phase was filled homogeneously with a dark green
GO/PANI nanocomposite. The aqueous phase was then
collected and washed with ethanol and water to remove
the unreacted chemicals and aniline oligomers. The
GO/PANI composite obtained was dried in a vacuum oven
at 40 °C for 24 h. As a comparison, pure PANI was prepared
under the same conditions without adding GO in the aque-
ous phase.

Characterization

The samples were characterized by SEM (Hitachi, S-4200),
TEM (Philips, CM200) at an acceleration voltage of 200 kV,
XRD (PANalytical, X'Pert-PRO MPD) using Cu Ko radia-
tion, and XPS (ULVAC-PHI, Quantera SXM) using an Al
X-ray source. The FTIR (Excalibur Series FTS 3000,
BioRad) spectra were recorded over 400-4,000 cm™
resolution of 16 cm ' within 32 scans using KBr pellets.
UV-visible spectra were recorded over 200-800 nm using a
UV-vis—NIR spectrophotometer (Cary 5000, Varian).
Thermogravimetric analysis (TGA) was performed on a
simultaneous TGA/DSC analyzer (SDT Q600, TA Instru-
ment) from 30 to 600 °C at a heating rate of 10 °C/min
under a nitrogen atmosphere.

All electrochemical experiments were performed on a
VersaSTAT 3 AMETEK Model (Princeton Applied Research,
USA) in a three-electrode configuration. Platinum foils and a
saturated calomel electrode were used as the counter and
reference electrodes, respectively. The working electrode
was made using the same quantity of samples (GO, PANI,
and GO-PANI) being coated onto carbon paper (2x2 cm in
diameter) in all experiments. Typically, 50 mg sample was
ultrasonicated in 5 ml N,N-dimethylformamide to form a
homogenous dispersion. Subsequently, approximately 20 ul
of the above solution was drop-cast onto the surface of a bare
glassy carbon electrode and dried in an ambient atmosphere
for 12 h.
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Results and discussion

Figure 1 shows the preparation process of GO/PANI compos-
ites. The aniline monomer was dissolved in [bmim][BF,], and
GO was dispersed in an aqueous acid solution with the oxi-
dant, potassium persulfate. The water layer was spread care-
fully onto an equal volume of IL, forming a water/IL interface.
After approximately 30 s, green polyaniline formed at the
interface and gradually migrated to the aqueous phase. Finally,
the entire water phase was filled homogeneously with a dark
green GO/PANI composite, whereas the IL phase showed a
red-orange color possibly due to the formation of aniline
oligomers. The composite was collected and purified. Figure 1
also shows typical snapshots of the synthetic process in a
water/IL system.

The surface morphology of the samples was examined by
SEM and TEM. Figure 2 presents SEM images of raw
graphite, bare GO, pure PANI, and GO/PANI. Graphite
had a layered structure of stacked graphene sheets. GO
showed thin sheets with distinct edges, wrinkled surfaces,
and folding. A comparison with the composite morphology
revealed a remarkable change in the physical nature of pure
PANI after composite formation. The surfaces of the GO
sheets were covered with PANI layers. To further character-
ize the composite morphology more clearly, bare GO, pure
PANI, and GO/PANI composites with different resolutions
were examined by TEM (Fig. 3). Sheets with wrinkled
surfaces and folded edges were clearly visible in the image.
The GO/PANI composites showed a different morphology
compared to pure PANI due to the thin polymer layers
covering the graphene sheets.

The crystal structure of conducting PANI has a consider-
able effect on its electrical conductivity. A previous study
reported that the highly ordered chain structure of conducting
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Fig. 1 Schematic diagram of the synthesis of the GO/PANI composite
and the progress of the interfacial polymerization of aniline in a water/
IL system in the presence of GO

Fig. 2 SEM images of graphite, bare GO, pure PANI, and GO/PANI
composite

polymers could endow strong electrical conductivity [24].
Figure 4 shows the XRD pattern of graphite, GO, PANIL, and
GO/PANI composite. The graphite spectrum has a very strong
peak at 26.5°; GO has a sharp peak at 11.85°. Pure PANI
revealed a typical crystalline pattern, which was similar to that
of the GO/PANI composite. The diffraction peaks at 21.17°,
23.70°, 25.43°, and 29.71° (= 20) with hkl values of (100),
(110), (111), and (020), respectively, represent the emeraldine
PANI [24, 25]. The peaks centered at 21.17° and 23.70° were
attributed to the periodicity parallel and perpendicular, respec-
tively, to the PANI chains. XRD results showed that PANI has
a highly ordered crystal structure, which improves the crys-
tallinity of the composite considerably, and is expected to
exhibit high electrical conductivity. The decrease in peak
height of the GO planes in the composite might be caused
by the PAN polymer coating of the GO surface in the grafting
process.

FTIR spectroscopy provided chemical structural informa-
tion of GO, PANI, and GO/PANI composite (Fig. 5a). The
spectrum of GO showed the representative peaks at 3,445 cm™ '
(O-H), 1,721 cm ™' (C=0), and 1,042 cm™' (C-0) [23]. The
spectrum of PANI showed the usual characteristic stretching
vibration bands at 1,561 ¢m ' (C=C, quinoid rings),
1,492 cm™" (C=C, benzenoid rings), 1,287 cm ' (C-N), and
1,083 cm™' (C—H). In the case of the GO—PAN composite, the
FTIR spectrum was similar to that of PAN. There was no peak
at 1,721 cm™ ! because of C=0 vibrations. These results con-
firmed that the surface of the GO was wrapped completely with
PAN. The IR bands were in good agreement with previously
reported data [24]. Figure 5b shows the TGA results of bare
GO, pure PANI, and GO/PANI under a nitrogen atmosphere.
All the samples showed similar decomposition curves. On the
other hand, GO had much lower thermal stability than the pure
PANI and GO/PANI composite, suggesting the pyrolysis of
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Fig. 3 TEM images of the bare GO, pure PANI, and GO/PANI
composite with different magnifications

thermally oxygen-containing functional groups. The weight
reduction of GO observed at temperatures less than 100°C
and between 150 and 300 °C was consistent with the degrada-
tion of absorbed water and oxygen functional groups, respec-
tively. These groups, such as —COOH and —OH, on the GO
surface not only enhance the dispersibility, but can also anchor
PANI to the surface [26]. The gradual weight loss of PANI
between 100 and 280 °C was attributed to the deprotonation of
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Fig. 4 XRD patterns of graphite, bare GO, pure PANI, and GO/PANI
composite
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Fig. 5 a FTIR spectra of bare GO, pure PANI, and GO/PANI com-
posite. b TGA thermograms of bare GO, pure PANI, and GO/PANI
composite obtained with a ramping rate of 10 °C/min under a N,
atmosphere

PANI through the loss of dopant HCI. The major weight loss
(~30 %) before 600 °C was related to the degradation and
decomposition of PANI with different degrees of polymeriza-
tion. For the composite, the gradual degradation at approxi-
mately 280 °C was attributed to the evaporation of the absorbed
solvent and the decomposition of oxygen groups on the GO
surface. TGA suggested that the GO/PANI composite has
higher and slightly lower thermal stability than GO and pure
PANI, respectively. This might be due to the strong interactions
between GO and PANI, which impose a restriction on the
decomposition of the oxygen groups remaining on the GO
surface. These interactions can result in homogeneous heating
and the avoidance of heat concentrations [27].

Figure 6 showed the XPS survey spectra of the GO and
GO/PANI composite as well as the core-level C 1s, N 1s,
and O 1s peaks in the composite spectrum. The C 1s peak of
GO could be deconvoluted to four peaks at binding energies
(BEs) of 284.5 (C-C), 285.4 (C-OH), 286.8 (C-O-C), and
288.5 eV (C=0), respectively [28]. The spectra showed that
the original GO sheets were partially oxidized and contained
hydroxyl, carboxyl, and carbonyl groups. The core-level O
Is at a BE of 532.5 eV corresponded to the hydroxyl groups
and surface adsorbed water. In the XPS spectrum of the
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Fig. 6 XPS survey spectra and 01
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Fig. 7 UV-visible spectra of bare GO, pure PANI, and GO/PANI
composite in ethanol

Fig. 8 Cyclic voltammograms of bare glassy carbon electrode (GCE)
and electrodes modified with the pure PANI (PANI/GCE) and GO—
PANI composite (GO-PANI/GCE) in 0.1 M PBS at pH 7.0 a in the
absence of H,O; and b in the presence of 12 mM H,0, at scan rate of
200 mV/s
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Fig. 9 a Cyclic voltammograms of the electrode-modified GO-PANI
composite with different scan rates in the presence of 12 mM H,0, and
b with different concentrations of H;O,: 2’ 2 mM, b’ 6 mM, ¢’ 12 mM,
d’ 16 mM, e’ 18 mM, and f* 24 mM at scan rate of 100 mV/s in 0.1 M
PBS at pH 7.0

The UV—vis absorption spectra of pure PANI, bare GO,
and GO/PANI dispersed in ethanol were recorded (Fig. 7).
The spectrum of GO revealed two absorption bands at 235 and
304 nm due to excitation of the 7—7* transition of aromatic C—
C and the n—m transition of C=0 [29], respectively. The PANI
spectrum revealed a sharp peak at 207 nm, which was
assigned to the m—7* transition in the molecule conjugation.
A weak peak at 265 nm and a broad peak at approximately
415 nm originate from the charged cationic species, which are
known as polarons [30]. For the GO/PANI composite, two
peaks were observed at 206 and 268 nm due to a 7—r inter-
action between PANI chains and GO sheets in the composite
[26]. Compared to PANI, the peak shift from 415 to 384 nm
indicates that PANI is protonated in the synthesized compos-
ite. The UV—vis absorption results confirmed the strong inter-
action between the PANI polymer and GO sheets, which are in
agreement with a previous study [26].
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Figure 8a shows the cyclic voltammograms of the bare
glassy carbon electrode (GCE) and the electrodes modified
with pure PANI (PANI/GCE) and GO-PANI composite
(GO-PANI/GCE) in the presence and absence of hydrogen
peroxide (H,0,) in a 0.1-M phosphate buffer solution (PBS)
with pH 7.0. In the case of GCE, no anodic or cathodic
responses were observed in the presence and absence of
H,0,. This suggests that GCE does not detect H,O, at the
potential measured. For the modified electrodes, both
PANI/GCE and GO-PANI/GCE showed normal redox be-
havior with a pair of well-defined and quasi-reversible redox
peaks in the absence of H,O,. After adding a small amount
of H,0,, the redox peak currents and reduced oxidation
potential increased significantly at two modified electrodes,
which were attributed to their good electrocatalytic activity.
On the other hand, in both cases, the intensity of the GO—
PANI/GCE peaks was higher than that of the PANI-
modified electrode. The net values of the oxidation peak
current of H,O, obtained at GO-PANI/GCE (82.26 pA)
were approximately 5.7 and 1.2 times higher than that of
bare GCE (14.53 pA) and PANI/GCE (65.92 pA), respec-
tively. This shows that the presence of GO enhanced con-
siderably the electrochemical activity of the PANI film and
its detection of H,O,.

The effect of the scan rate of the potential on the electro-
catalytic ability of the modified composite electrode for the
detection of H,O, was also studied. Figure 9a shows cyclic
voltammograms of GO-PANI/GCE in 0.1 M PBS at pH 7.
0 in the presence of 12 mM H,O, at various scan rates. The
redox peak currents increased linearly with increasing scan
rate from 25 to 500 mV/s. This suggests that the electro-
chemical reaction of H,O, on the GO-PANI film is a
surface-controlled process [30]. The sensitivity of the
electrode-modified composite was examined by varying
the H,O, concentration. Figure 9b presents the cyclic
voltammograms of GO-PANI/GCE in 0.1 M PBS pH 7.0.
The inset in Fig. 9a revealed a linear increase in peak current
with increasing H,O, concentration within the range of 2—
24 mM. The major cathodic response was extremely sensi-
tive to the H,O, concentration. Therefore, the GO/PANI-
modified electrode provided high sensitivity, highlighting
the potential applications for fabricating H,O, involved
Sensors.

Conclusions

A GO/PANI composite was prepared efficiently in an IL—
water system via the typical interfacial polymerization of an
aniline monomer. XRD confirmed the highly ordered chain
structure of pure PANI and PANI in the composite. SEM
and TEM indicated that the polymer layer almost complete-
ly covered the GO sheets. The resulting GO/PAN composite
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showed preferable electroactivity, even in neutral media,
and displayed excellent electrocatalytic activity towards
the oxidation of H,O,. Overall, this material is suitable for
determining the H,O, concentration. This experimental
method is a facile, efficient, and green route for developing
GO/PANI-based materials for chemical sensors.
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