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a b s t r a c t

Biomimetic in situ hemin catalyzed polymerization of aniline was used to prepare several polyani-
line (PANI) based nanocomposites and MoS2/PANI composite was chosen to modify glassy carbon 
electrodes (GCE) because it showed the strongest electrochemical catalytic effect on bisphenol A 
(BPA). The electrochemical response of the modified GCE to BPA was investigated by differential 
pulse voltammetry (DPV). When the mass ratio of MoS2 to aniline monomer was 0.036, the MoS2/
PANI/GCE had the highest peak currents, displaying remarkable synergistic effect for detection of 
BPA. The peak current was linear related to the concentration of BPA in the range from 0.001 to 0.1 µM 
and from 0.1 to 1 µM respectively. The modified electrode was successfully employed for the deter-
mination of BPA in leaching of commercial containers and satisfactory recoveries were obtained.
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1. Introduction

Monitoring trace contaminations is becoming more 
and more necessary to guarantee the human and envi-
ronmental safety. So, novel sensitive, reliable and cost-ef-
fective detection methods and tools have been pursed 
[1]. Taking bisphenol A (BPA), a widely used and typical 
estrogenic-disrupting compound and posing serious threat 
to the living beings [2–5] as an example, some kinds of 
monitoring methods are reported including gas chroma-
tography(GC) [6] and GC-mass spectrometry (GC-MS) [7], 
high performance liquid chromatography (HPLC) [8] and 
LC-MS [9], enzyme-linked immunosorbent assay (ELISA) 
[10], fluorescence immunosensor [11], biosensor[12,13] and 
so on. However, most of them require costly instrumenta-
tion and highly skilled users. Fortunately, electrochemical 

approaches supply the powerful candidates for detection of 
BPA [1,14]. 

The application of electrochemical analysis of BPA is 
limited by the passivation or fouling of electrode surface 
due to oxidation products [15–18]. Then a wide range of 
surface electrode modifiers, especially nanomaterials have 
been applied to make advancements including noble metal, 
metal oxide, carbon materials, polymers and composites 
[14,17,19,20]. MoS2 is a well-defined layered material, in 
which the Mo atomic layer is clamped by two S layers, 
forming a sandwich structure via covalent bonding [21–23]. 
With the discovery of unprecedented physical, electronic, 
chemical, and optical properties, MoS2 has attracted a sig-
nificant amount of interests in electronics, optoelectronics, 
sensors, catalysis, gas separation, energy storage and con-
version, water remediation, and biomedicine [22–29]. The 
nanometer scale spaces (NSSs) in the interlayer spacing of 
MoS2 will beneficial to improve reaction conditions [25,30].
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However, bare MoS2 appears to be agglomerated and 
stacking with decreasing the number of active sites [31,32] 
and low conductivity [23]. It can be good protocols to inte-
grate MoS2 with conductive polymer. For example, polypyr-
role/MoS2 and polyaniline (PANI)/MoS2 were reported to 
have outstanding performance on supercapacitors [23,33]. 
Most recently, MoS2/PANI showed increasing application 
potential in the fields of lithium-ion batteries [34,35], photo-
catalysis [36] and fabrication of electrodes [16,37–39]. 

Our previous work provided an eco-friendly and sim-
ple method of preparation of PANI composites through 
in situ hemin catalyzed polymerization of aniline [40,41]. 
Hemin is a natural metallporphyrin and the active center of 
the heme-protein family with the properties of peroxidase. 
Hemin/MoS2 exhibit enhanced peroxidase-like activity 
[42]. On the basis of the aforementioned works, we thought 
that MoS2 nanosheet could be used to composite with PANI 
polymerized with biomimetic process. The properties and 
application on modifying electrodes of as-synthesized 
MoS2/PANI have not been investigated before.

Herein, MoS2/PANI and other several PANI-based 
composites were prepared using in situ hemin catalyzed 
polymerization. After comparing their ability to improve 
the properties of glass carbon electrodes (GCE), the MoS2/
PANI/GCE was screened as the sensing platform for sensi-
tive detection of BPA. Our results indicated that this MoS2/
PANI/GCE exhibited high sensitivity, good reproducibility 
and long-term stability. The eco-friendly and simple sensor 
proved to be promising tool for detection of BPA.

2. Experimental

2.1. Apparatus and reagents

Electrochemical measurements were performed on a 
CHI660D electrochemical workstation (CH Instruments, 
China) with a three-electrode system. A saturated calomel 
electrode and a platinum wire were used as reference elec-
trode and counter electrode respectively, and glassy carbon 
electrode (GCE) or fabricated GCE was used as working 
electrode. The ultrasonic process was performed with a 
KF-C sonifier (KenfenElectronic Technology, China.). Scan-
ning electron microscopy (SEM, JSM-6700F, JEOL, Japan) 
and X ray diffraction (XRD, Bruker D8 Advance, Germany) 
were used to characterize the prepared composites. TGA 
curves were recorded on a TGA/SDTA 851e diffractometer.

Hemin (Bioduly, Co. Ltd, Nanjing China) is biological 
reagent and all other reagents are of analytical grade. MoS2 
was purchased from Shandong West Asia Chemical Indus-
try Co., Ltd, China. BPA stock solution was prepared with 
ultrapure water and diluted to a certain concentration with 
pH = 7.0 phosphate buffer solution (PBS).

2.2. Preparation of PANI-based nanocomposite

A certain amount of metal oxides or sulfides was dis-
persed in 100 mL 0.1 M pH 4.0 citrate buffer solution by 
sonication for 4 h. Then a certain concentration hemin and 
0.5 g aniline were added. The polymerization process of ani-
line were carried out according to our previous report. The 
composites of Fe3O4/PANI, ZnO/PANI, CuO/PANI, MoS2/
PANI and CdS/PANI were prepared for the future use.

2.3. Electrode preparation and fabrication

The GCE was polished with 0.3 µm alumina to get a 
smooth surface, and washed sequentially with, anhydrous 
alcohol under sonication. For each kind of the as-prepared 
composite, 0.5 mg was dispersed in 1 mL ultrapure water 
by sonication for 1 h. Then a 20 µL aliquot of the composite 
solution was applied to the polished GCE and left dry natu-
rally in the air at room temperature.

2.4. Electrochemical measurements

Different concentrations of BPA were measured by dif-
ferential pulse voltammetry (DPV) in the range of –1.0~1.0 
V and the pulse amplitude, pulse width and pulse period 
were 0.05 V, 0.06 s and 0.2 s, respectively. PBS (pH 7.0) was 
used as supporting electrolyte. Electrochemical impedance 
spectroscopy (EIS) measurements were carried out in 5.0 
mM [Fe(CN)6]

3–/4– solution containing 0.1 M KCl, with the 
frequencies swept from10 mHz to 100 kHz. The applied 
perturbation amplitude was 5 mV. Cyclic voltammogram 
(CV) measurements were applied from −0.8 to 0.8 V in pH 
= 7.0 PBS containing 1.0 × 10–6 M BPA at the scan rate of 100 
mV s−1.

3. Results and discussion

3.1 Comparison of PANI-based composites 

Three kinds of metal oxides (Fe3O4 nanoparticle, ZnO 
and CuO) and two kinds of sulfides (MoS2 and CdS) were 
chosen to prepare the PANI-based composites and to mod-
ify the electrode. The DPV profiles of 1.0 × 10–6 M BPA at 
different fabricated GCE in PBS (pH 7.0) are shown in Fig. 1.

Compared to PANI/GCE, the five modified GCE 
with PANI-based composites all showed higher oxida-
tion peak currents and the MoS2/PANI/GCE had the 
highest of response value. Results show the metal oxides 
and sulfide can enhance the electrochemical oxidation of 
BPA and MoS2 renders the remarkable synergistic effects 
with PANI. MoS2 is a kind of nanomaterial with two-di-
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Fig. 1. DPVs of BPA with electrodes fabricated by different 
PANI-based composites.
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mensional layers and showed unique electronic properties 
[22], maybe it is the reason for enhancement of signals. So, 
MoS2/PANI is screened as the fabricating composite for 
the detail search. 

3.2. Characterization of MoS2/PANI composites

The morphologies of MoS2, PANI and MoS2/PANI were 
characterized by SEM and images are shown in Fig. 2.

MoS2 presents the thin-layered structure with smooth 
surface and biomimetic prepared PANI is the irregular 
fine particles with diameter about 0.3~3.5 µm. The surface 
of MoS2 is negatively charged at pH 1.5–10.5 [27], and the 
amine groups are easily protonated and positively charged 
[27,43], so PANI is easily coated on MoS2 due to electro-
static attraction. The SEM image of MoS2/PANI proves that 
the two shapes of materials are interwoven and randomly 
oriented in the composite. The fine diameter of composite 
indicates it had a large specific surface area [37,44]. The 
irregular structure and random alignment of MoS2/PANI 
composite are benefit for the adsorption of BPA on the sur-
face. On the other hand, the irregular structure can also 
result in a less compact film of oxidation products, which is 
the main reason of low sensitivity of bare GCE. Ghanam et 
al. [18] found that the suitable particle size and specific sur-
face area can reduce significantly the fouling problem. The 
similar anti-fouling ability was also observed on the GCE 
fabricated by carbon nanotube due to the irregular structure 
and random alignments [15]. 

As can be seen in Fig. 3, the XRD spectra of MoS2/PANI 
contains the characteristic peaks of MoS2 (2θ = 14.4°, 32.7°, 
33.5°, 35.9°, 39.6°, 49.8°, 58.4°, 60.4°) and PANI (2θ = 14.8°, 
19.8° and 25.7°), which indicate that there is a combination 
between PANI and MoS2 [23,27]. Meanwhile, the intensity 
of MoS2 peaks decrease dramatically may be due to the 
PANI coating. In a word, PANI grows and partly coats 
on thin-layered MoS2 with a compact combination in the 
MoS2/PANI composite. 

The TGA measurement was carried out to compare 
the thermal stability of PANI, MoS2 and MoS2/PANI. The 
initial mass loss around 100°C for three materials was 
attributed to the evaporation of surface absorbed water. 
MoS2 nanosheet lost only 9.8% of its weight until 800°C. 
The TGA curves for PANI shows a two-step weight loss 
because of the elimination of the doped acid bound to PANI 
chains (200~350°C) and decomposition of the pristine PANI 

backbone (>350°C), respectively [45,46]. The weight loss 
of MoS2/PANI was more than that of PANI under 342°C, 
which may be attributed to the loss of co-intercalated water, 
HCl and hemin in the NSSs. However, the mass loss is 
much lower at the higher temperature (>342°C) in compar-
ison to that of PANI. The results indicated that the MoS2/
PANI composites has been successfully prepared.
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Fig. 3. XRD spectra (A) and TGA (B) of PANI, MoS2 and MoS2/
PANI.
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Fig. 2. SEM images of (a) MoS2, (b) PANI and (c) MoS2/PANI.
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3.3. Electrochemical properties of different electrodes

EIS can provide information on the impedance changes 
of the electrode surface during the modification process. 
At high frequency, the semicircular part corresponds to the 
electron transfer-limited process, and the diameter is equiv-
alent to the Rct at electrode surface [47].

As shown in Fig. 4, the interfacial electron transfer 
resistance of the bare electrode was large (curve a). When 
the electrode was modified with MoS2 (curve b), the value 
of Rct increased, indicating that MoS2/GCE has poor con-
ductivity [48]. After modification with PANI (curve c), the 
diameter of the high-frequency semicircle was very small, 
which may be ascribed to the existence of conductive 
polymer and its large specific surface area [23,43]. Finally, 
MoS2/PANI/GCE (curve d) was tested and similar semi-
circle was noted, but the Rct of MoS2/PANI/GCE was big-
ger than that of PANI/GCE. This also indicated that MoS2 
and PANI were successfully immobilized onto the surface 
of GCE.

3.4. Electrochemical behaviors of BPA

The electrochemical behaviors of BPA at the bare and 
the modified electrodes were investigated by CV in 0.1 M 
PBS (pH 7.0) containing 1.0 × 10–6 M BPA and the results are 
shown in Fig. 5.

At bare GCE (curve a), no redox peaks were observed, 
which is consistent with previous reports [49,50]. When the 
electrode was modified with MoS2 (curve b), there were 
also no redox peaks, which may be attributed to the poor 
conductivity of MoS2 [50]. At PANI/GCE, a couple of redox 
peaks were found (curve c), with a peak potential differ-
ence (∆Ep) of 0.3 V, indicating that PANI had higher elec-
tron transfer rate and electrical conductivity compared to 
GCE and MoS2. After modifying the electrode with PANI/
MoS2, a significant increase in peak current was observed 
and the ∆Ep was smaller (approximately 0.2 V). The peak 
current intensity at MoS2/PANI /GCE was approximately 
2-fold higher than that at PANI/GCE. The remarkable peak 

current enhancement may be attributed to the enlarged spe-
cific surface area of the electrode after modification and the 
synergistic effect of PANI and MoS2. A similar behaviour 
has been observed in previous reports for oxidation of BPA 
[3,49].

3.5. Effects of MoS2 content on the detection of BPA

In order to investigate the effects of MoS2 content on the 
detection of BPA, different composites were prepared by add-
ing different quantity of MoS2 (18 mg, 36 mg, 54 mg and 72 
mg) in the polymerization of 1.0 g aniline and were denoted 
as MoS2 (18 mg)/PANI, MoS2 (36 mg)/PANI, MoS2 (54 mg)/
PANI and MoS2 (72 mg)/PANI respectively. The DPVs of 1.0 
× 10–6 M BPA on PANI, MoS2 and the fabricated electrodes by 
those different MoS2/PANI are shown in Fig. 6.

As shown in Fig. 6, MoS2 has weak electrocatalytic 
activity for BPA, it may due to the low conductivity. PANI/
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GCE has a little higher current signal. Comparing the two 
response values of PANI/GCE or MoS2/GCE, the electro-
chemical signals of the MoS2/PANI composite are obvi-
ously larger. The largest current response occurred on the 
MoS2 (36 mg)/PANI/GCE (curve d) and decreased with the 
increase of MoS2 content. Thus, MoS2 (36 mg)/PANI was 
chosen as the fabricating materials.

The electrocatalysis of nanomaterial relies on its defects, 
large exposed active edge site and excellent conductivity 
[22]. Bare MoS2 appears to be agglomerated and stacking 
with decreasing the number of active sites [31,32] and low 
conductivity. The inducement of conductive PANI is very 
helpful to overcome the problem. The suitable ratio of MoS2 
to aniline during the polymerization makes the partial coat 
of PANI on the thin-layered MoS2, thus effectively prevent 
accumulation, stack of MoS2 and improve the electron trans-
fer. More MoS2 in the composite decrease the signals may be 
due to the decreasing active sites because of the accumula-
tion and stack of MoS2.

On the other hand, MoS2/PANI has strong affinities 
and good adsorption capacity to the phenolic estrogenic 
compounds due to the π-π and electrostatic interaction [39]. 
Our adsorption experiments showed that the adsorption 
capacity of MoS2/PANI for BPA can reach 17 mg/g (data 
not shown). The effective adsorption lays the foundation 
for the electrochemical reaction of BPA. 

As a result, the electron exchange between BPA and 
the electrode surface is facilitated and further provides an 
excellent platform for BPA detection. 

3.6. Analytical performance of MoS2/PANI/GCE

A series of concentration of BPA was detected at MoS2 
(36 mg)/PANI/GCE by DPV and the results are displayed 
in Fig. 7.

As shown in Fig. 7a, it is apparent that the intensity of 
peak current increases with the increase of BPA concentra-
tion. According to the calibration plots of the peak current 
(Ip, µA) versus different concentrations of BPA (C, µM), 
two line segments can be seen. In the high concentrations 
range (0.1–1.0 µM), the linear relationship is IP = 30.0986 C 
+ 9.1854 (R2 = 0.9923) and in the low concentrations range 
(0.001 – 0.1 µM), it is IP = 98.0624C + 3.0032 (R2 = 0.9979). The 
detection limit was estimated to be 4.9 nM (3σ).

The analytical performance of this fabricated electrode 
was compared with some of recently reported modified 
GCEs for BPA detection by DPV in Table 1. Compared to 
these reported modified GCE, it can be seen that MoS2/
PANI/GCE had relatively low detection limit and a wide 
linear range. The low detection limit could be related to 
the synergistic effects of the large surface area and the 
excellent conductivity of MoS2 and PANI. Thus, the pro-
posed sensor may be a better platform for the determina-
tion of BPA.

The relative standard deviation was 4.82% when ten 
MoS2 (0.036 g)/PANI/GCEs were prepared and used to 
detect 1.0 × 10–6 M BPA at same conditions, which indicating 
a good reproducibility for detection of BPA. 

After the fabricated electrode was stored for 2 weeks at 
room temperature, the peak current of detecting 1.0 × 10–6 
M BPA was about 92% of the initial value, displaying its 
good stability.

3.7 Detection of real samples

Possible migration of BPA into water from polyethylene 
terephthalate (PET) water bottle and disposable paper cup 
under severe conditions are investigated in this study. PBS 
(pH 7.0, 100 mL) was put into the container and it was placed 
in the microwave oven for 10 min at 700 W. After cooling to 
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room temperature, the water sample directly detected using 
MoS2/PANI/GCE by DPV. The standard addition method 
was carried out to evaluate the analytical performance. The 
results are shown in Table 2. The RSD in the range of 2.4–
7.6% and the recoveries are 102.0% and 106.4% respectively, 
which proved that the MoS2/PANI/GCE can be used to 
detect BPA in the practical water samples.

4. Conclusion

Among the composites prepared through in situ hemin 
catalyzed polymerization of aniline, MoS2/PANI compos-
ite was chosen because it showed the strong electrochem-
ical catalytic effect on BPA at the fabricated GCE. When 
the mass ratio of MoS2 to aniline monomer was 0.036, the 
MoS2/PANI/GCE has the highest peak currents, display-
ing the remarkable synergistic effect for detection of BPA. 
The detection of BPA at MoS2/PANI/GCE displayed high 
response values, wide linear range, low detection limit and 
acceptable reproducibility and stability. The biomimetic 
preparation of MoS2/PANI composite provides a simple 
and eco-friendly method for constructing electrode. Such 
biomimetic synthesizing strategy can be further extended 
to prepare the composites based on MoS2 and other con-
ductive polymers. Besides, the MoS2/PANI composite elec-
trode has potential application for detecting other phenolic 
estrogenic compounds or the substitute for bisphenol A, 
which are studied in detail in our lab.
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