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In this work, an imprinted electrochemical sensor based on electrochemical reduced graphene covalently
modified carbon electrode was developed for the determination of 4-nonylphenol (NP). An amine-
terminated functional graphene oxide was covalently modified onto the electrode surface with
diazonium salt reactions to improve the stability and reproducibility of the imprinted sensor. The
electrochemical properties of each modified electrodes were investigated with differential pulse
voltammetry (DPV). The electrochemical characteristic of the imprinted sensor was also investigated
using electrochemical impedance spectroscopy (EIS) in detail. The response currents of the imprinted
electrode exhibited a linear relationship toward 4-nonylphenol concentration ranging from 1.0�10−11 to
1.0�10−8 g mL−1 with the detection limit of 3.5�10–12 g mL−1 (S/N¼3). The fabricated electrochemical
imprinted sensor was successfully applied to the detection of 4-nonylphenol in rain and lake water
samples.

Crown Copyright & 2013 Published by Elsevier B.V. All rights reserved.
1. Introduction

4-Nonylphenol (NP) has been considered as harmful to the
reproductive health of human and wildlife since it has been
designated as a member of the endocrine disrupters [1,2]. There-
fore, routine analysis of NP in the environment is very important.
Until now, chromatographic methods are currently the main ones
used for the determination of NP in environmental samples, such as
chromatography–ion trap tandem mass spectrometry [3,4], gas
chromatography–mass spectrometry [5,6], high performance liquid
chromatography-fluorescence detection [7,8], and mixed-mode
high-performance liquid chromatography–electrospray mass
spectrometry [9–11]. They are sensitive, but expensive apparatus
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and professional operators are required. By comparison, electro-
chemical sensor with advantages of fast response, time-saving,
simple operation, low cost, and in situ analysis, has received an
increasing attention. Recently, the voltammetric behaviors of NP at
platinum electrode and carbon fiber electrode were reported
[12,13]. However, the direct electrochemical determination of trace
NP in samples is not applicable because the NP concentration is too
low to be detected in the real samples. Moreover, the selectivity and
sensitivity of commonly electrochemical sensors are poor.

Molecularly imprinted polymers (MIPs) are cross-linked poly-
mers that exhibit specific binding sites for the template molecule
[14]. Currently, many imprinted electrochemical sensors have been
developed with specific selectivity for the template recognition
[15,16]. Graphene (GP), a new fascinating nanocarbon material
with one-atom thickness and a large two-dimensional plane,
has attracted much attention on electrochemical sensor fabrica-
tion due to its properties of electron transfer enhancement,
large surface, excellent conductivity, and super catalytic activity
[17–19]. Certainly, various graphene modified sensors have been
developed [20–23]. However, the commonly reported approaches
for preparation of GP modified electrodes basically applying a
simple assembly or sol–gel route are facing some drawbacks.
Firstly, it is hard to control the thickness of the imprinted film
during the imprinting film preparation, affecting the repeatability
ights reserved.
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of the imprinted sensors. Secondly, the GP film flaked off easily
from the sensor surface when the modified sensor was immersed
in the solution, which affected the stability of the modified
electrode. Fortunately, many novel GP modification methods were
developed to overcome these drawbacks. Recently, a feasible
method anchoring carbon nanotubes on the electrode surface by
use of diazonium salt reactions provides a possibility for anchoring
graphene oxide (GO) onto the electrode surface [24,25]. Thus, GP
modified electrode could be prepared by electrochemical reduc-
tion of amino groups terminated graphene oxide which was
covalently linked onto the electrode, owing to the diazonium salt
reactions between residual amino groups and the electrode.
However, few papers on the electrochemical reduction of amino
groups terminated graphene oxide modified imprinted electro-
chemical sensor were reported.

The aim of this work is to develop an imprinted electrochemi-
cal sensor based on graphene for NP determination with high
sensitivity and selectivity. Amine-terminated functional graphene
oxide (GO-NH2) was covalently immobilized onto electrode by
diazonium salt reactions to improve the stability and reproduci-
bility of the modified electrode. Furthermore, graphene was
prepared by electrochemical reduction of graphene oxide, enhan-
cing the reactivity of NP and the sensitivity of imprinted electro-
chemical sensor. A rapid and convenient electrochemical assay
for NP determination in environmental water was developed
successfully.
2. Experimental

2.1. Reagents and apparatus

Graphite powder, KMnO4, H2SO4, HCl, ethylenediamineanhy-
drous, potassium ferricyanide and H2O2 aqueous solution were all
of analytical grade and were obtained from Beijing Chemical
Reagents Company. N, N′-dicyclohexylcarbodiimide (DCC), N-
hydroxysuccinimide (NHS), 4-Nonylphenol (NP), polyoxyethylene
(2) nonylphenyl ether (NP-2) and octylphenol (OP) were obtained
from Aladdin Reagents Company (Shanghai, China). 4-Nitroaniline
and NaNO2 were obtained from Dalian Xindie Chitin (Dalian,
China). All reagents were used without further purification.
Double-distilled water was used throughout the experiments.

All electrochemical experiments were carried out on a CHI
660B electrochemical workstation (Shanghai Chenhua Instrument
Co. Ltd., China) using a three-electrode system, where a saturated
calomel electrode (SCE) served as the reference electrode, a
platinum wire electrode as the auxiliary electrode and modified
carbon electrode as the working electrode. The carbon electrode
was home-made with an efficient working size of 5�4 mm2 and
the detail preparation procedure was as follows. First, acrylic-
modified epoxy adhesive was used to wrap up the high purity
rectangular carbon electrode brush with the size of 5�4 mm2

which was connected with a wire. Then the wire part was inserted
through a glass tube, and the high purity rectangular carbon
electrode brush part was anchored onto the glass tube formation
of an impermeable device. Morphology characterization was
carried out on a scanning electron microscope (JEOL, JSM-6700F)
at 15 kV.

2.2. Fabrication of amide group terminated graphene oxide

Graphene oxide (GO) was prepared from purified graphite
powder according to the Hummers method with minor modifica-
tion [26]. The preparation procedure of amino group terminated
GO is illustrated in Fig. 1. First, 300 mg GO was added into 200 mL
water in a round-bottomed flask, and then sonicated for 2 h to
form a homogeneous suspension for further use. After that, 2.3 g
NHS and 4.16 g DCC were added into the suspension and the
mixture was stirred in water bath at 50 1C for 1 h. Then, 35 mL
ethylenediamine was added dropwise to the mixture and stirred
with reflux for another 4 h. Finally, the reaction suspension was
filtered and washed with ethanol and water several times to
eliminate the residues and dried under vacuum at 50 1C.

2.3. Preparation of graphene modified electrode

Prior to modification, the bare carbon electrode (CE) was polished
to a mirror using alumina slurries with 6, 1 and 0.05 μm in succession.
After each polishing, the electrode was sonicated in ethanol and
double-distilled water for 5 min successively to remove the adsorbed
substance on the surface. Finally, it was dried under nitrogen flow.

Fig. 1 illustrates the preparation procedure of graphene mod-
ified electrode. First, a clean CE was immersed into 2.0 mL GO-NH2

dispersion (1.0 mg mL−1) in 0.5 mL HCl containing 20 mg NaNO2

for 12 h. Then, the modified CE was rinsed with sufficient water to
eliminate the physical adsorptive GO-NH2. After that, GO-NH2

which was modified on electrode (forming GP/CE) was electro-
chemically reduced to GP with cyclic voltammetry (CV) scanning
under the potential from −0.4 to −1.4 V at 50 mV s−1 in 1.0 M KCl
solution for three cycles. Finally, the prepared electrode was
washed with water for further use.

2.4. Preparation of 4-nonylphenol imprinted graphene modified
electrode

Polypyrrole was electrodeposited onto GP modified electrode
to prepare NP imprinted sensor and the detailed procedures are
illustrated in Fig. 1. Firstly, the modified GP/CE electrode was
washed with water. Then CV scanning between 0 and 0.85 V with
a scanning rate of 50 mV s−1 was conducted for eight cycles in the
presence of 0.2 M pyrrole solution containing 5.0 mg mL−1 NP and
1.0 M KCl to form NP imprinted film covered on the GP/CE
electrode. After deposition, the imprinted electrode was immersed
into ethanol solution containing 20% of acetic acid for 1 h to
remove the template molecule (form MIP/GP/CE).
3. Results and discussion

3.1. Characterization of amide group terminated graphene oxide

Amide group terminated graphene oxide (GO-NH2) was con-
firmed by Fourier transform infrared spectroscopy (FT-IR). Fig. 2
shows the FT-IR spectra of GO nanosheets and GO-NH2. The FT-IR
spectrum of GO (Fig. 2a) shows a broad absorption band at
3398 cm−1, which is related to the –OH groups, and absorption
bands at 1623 and 1733 cm−1, which are typical of carbonyl and
carboxyl groups respectively, and the absorption band at
1050 cm−1 is the vibration of C–O, which is a characteristic group
in GO. After amination, an obvious change was observed in FT-IR
spectra (shown in Fig. 2b). In the spectrum of GO-NH2, the peak at
1730 cm−1 disappears, and a new broad band emerges at
1626 cm−1 which corresponds to the CQO characteristic stretch-
ing band. The peak at 1535 cm−1 corresponds to the –NH– bending
vibration, the peak at 1234 cm−1 corresponds to C–N stretching
vibration and the peak at 641 cm−1 corresponds to the bending
vibration of the amide group. The peaks at 892 and 1572 cm−1

correspond to in plane bending vibration and out-of-plane bend-
ing vibration band of the –NH2 group respectively. The peaks
at 1437, 2928 and 2850 cm−1 contribute to the bending vibration,
the asymmetric and symmetric stretch vibration modes of C–H2

groups, respectively. The peak at 1008 cm−1 corresponds to the
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Fig. 1. Detailed procedure diagrams for fabrication of the MIP/GP/CE sensor.
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Fig. 2. FT-IR spectra of (a) graphene oxides (GO) and (b) amide group terminated
graphene oxide (GO-NH2).
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Fig. 3. Cyclic voltammogram of the electrochemical polymerization of pyrrole
(0.2 M) conducted at the presence of NP (5.0 mg mL−1) in 1.0 M KCl solution under
scan rate of 50 mV s−1.
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stretching vibration of C–O band, and the peak at 1312 cm−1

corresponds to in plane binding stretching of –OH. These results
indicated clearly that the ethylenediamineanhydrous molecules
were covalently bonded to GO by the amide linkage.

3.2. Preparation and characterization of imprinted electrochemical
sensor

Before preparation of the imprinted electrochemical sensor,
GO-NH2 modified on electrode was electrochemically reduced to
GP (forming GP/CE) with cyclic voltammetry (CV) scanning under
the potential from −0.4 to −1.4 V at 50 mV s−1 in 1.0 M KCl solution
for three cycles. An obvious reduction current curve was observed
in the first cycle, followed by greatly diminished currents in
subsequent cycles during the experiment. This electrochemical
behavior was similar with that of previously reported on the
reduction of GO sheets [27], which validated that the reduction
reaction of GO was completed (the electrode was referred as
GP/CE). After that, polypyrrole (PPy) film was deposited onto the
GP/CE surface with the electrodeposition method. In order to
prepare NP molecularly imprinted layer on the GP/CE surface
(MIP/GP/CE), cyclic voltammetry (CV) scanning in the potential of
0–0.85 V was conducted in 1.0 M KCl (pH 7.0) solution containing
0.2 M pyrrole and 5.0 mg mL−1 NP. Fig. 3 shows the cyclic voltam-
mogram of pyrrole electrochemical deposition on the GP/CE sur-
face. The peak potential of polypyrrole decreased with the
increasing of the scanning cycles (as shown in Fig. 3 inset), which
indicated the formation of an imprinted film on the GP/CE surface.
The current decrease was caused by NP template molecules that
were trapped in the polypyrrole film during the electropolymer-
ization process, which hindered the conductivity of the polypyr-
role film [28]. It is reported that a fast potential scan rate and
fewer CV cycles would form a rough and poor imprinted polymer
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layer, and a slow potential scan rate and too many CV cycles would
result in a thick and tight film in which some template molecules
are entrapped too deep to be extracted [29]. So appropriate CV
cycles and potential scan rate were investigated to obtain a
uniform imprinted film. The results showed that the CV was
conducted under the potential between 0 and 0.85 V at
50 mV s−1 for eight cycles to form a uniform imprinted layer on
the electrode surface. Finally, the imprinted electrode was rinsed
with ethanol solution containing 20% of acetic acid for 1 h to
remove the template NP.

The electrochemical properties of each modification electrodes
described above were investigated with the DPV technique. Fig. 4
shows the DPV of different modified electrodes in the presence of
5.0 mM Fe(CN)63−/4− PBS (pH 7.0) containing 1.0 M KCl solution. As
depicted in Fig. 4a, the bare electrode shows a typical oxidation
peak of Fe(CN)63−/4− at 0.20 V. After the bare electrode was
covalently modified with GO by means of diazonium salt reaction
of amide group terminated graphene oxide (GO-NH2), as depicted
in Fig. 4b, the peak current decreased. It was ascribed to the
covering of GO-NH2 layer on the electrode surface which acts as an
insulating layer and makes the interfacial charge transfer more
difficult. The electrochemical behaviors of GO-NH2 modified elec-
trode (GO-NH2/CE) were similar to that of previously reported
literature [29], which indicated the successful modification of
amide group terminated graphene oxide onto the bare electrode.
After electrochemical reduction of amide group terminated gra-
phene oxide, forming graphene modified electrode (GP/CE), as
depicted in Fig. 4c, the peak current increased, which was larger
than that of bare electrode and GO-NH2/CE. The phenomenon was
attributed to the specific electronic properties and huge surface
area of GP enhancing electron transfer and current value. As
shown in Fig. 5d, after electrodeposition of the imprinted film,
the peak current of the imprinted sensor decreased.

Electrochemical impedance spectroscopy (EIS) is an effective
technique for probing the electrochemical feature of modified
electrodes. For characterization of the imprinted electrode, EIS was
also employed to characterize the electrochemical properties of
the modified electrodes using Fe(CN)63−/4− as the redox probe in
this study. The impedance spectra include a semicircle portion and
linear portion. The semicircle diameter at higher frequencies
corresponds to the electron-transfer resistance, and the linear
part at lower frequencies corresponds to the diffusion process
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Fig. 4. DPV measurement of electrochemical conductive properties of each
modification (a) the bare CE, (b) amide group terminated graphene oxide
(GO-NH2) modified electrode (GO-NH2/CE), (c) graphene modified electrode (GP/
CE) and (d) NP imprinted polypyrrole film coated graphene modified electrode
(MIP/GP/CE) in the presence of 5.0 mM Fe(CN)63−/4− PBS (pH 7.0) containing 1.0 M
KCl solution.
[30,31]. Fig. 5 represents the EIS of GP/CE (Fig. 5a), MIP/GP/CE
without elution (Fig. 5b) and MIP/GP/CE (Fig. 5c) in the presence of
5.0 mM of Fe(CN)63−/4− solution. As shown in Fig. 5a, GP/CE shows
a typical impedance spectrum involving the semicircle diameter at
higher frequencies and a 451 liner, which indicated a solution
diffusion control procedure. As shown in Fig. 5b, after an electro-
chemical imprinted film was electrodeposited onto the GP/CE, the
semicircle diameter increased, which was ascribed to the covering
of the pyrrole polymer film. When the template NP was removed
from the surface of the MIP/GP/CE, the electron transfer resistance
(shown in Fig. 5c) was smaller than that of MIP/GP/CE without
elution, which was due to elution of the template NP molecule
resulting in good conductivity. Generally, the electrode–electrolyte
interface can be described as the equivalent electrical circuit in
terms of a resistor and a capacitor. The impedance spectra were
fitted by a simple Randle circuit with a model containing a
constant phase element, and the result is shown in the inset of
Fig. 5. The fitted values for the stepwise assembled layers on the
electrode of electrochemical impedance spectroscopy are pre-
sented in Table 1. All the parameters include Rb (the solution
resistance), Rct (the electron-transfer resistance), C (the double-
layer capacitance) and the Warburg impedance (W). As depicted in
Table 1, GP/CE exhibits values of Rb (1.04 Ω), Rct (100 Ω), C (0.35 μF)
and W (0.004). After electrodeposition of polypyrrole film, the
semicircle of MIP/GP/CE increased dramatically and the electron
transfer resistance increased (Rct¼151 Ω) and the double-layer
capacitance increased (C¼0.49 μF). After the elution NP step was
conducted, the semicircle diameter and double-layer capacitance
of the imprinted electrode decreased (Rct¼117 Ω, C¼0.40 μF). The
phenomena can be explained by that after the NP template was
eluted from the imprinted film, some pathways were provided,
Fig. 5. Electrochemical impedance spectroscopy of (a)GP/CE, (b) MIP/GP/CE with-
out elution and (c) MIP/GP/CE after NP is removed in the presence of 5.0 mM of Fe
(CN)63−/4−. Inset: equivalent electrical circuit diagrams for impedance plots, Rb (the
solution resistance), Rct (the electron-transfer resistance), C (the double-layer
capacitance) and the Warburg impedance (the slope of the curves at a low
frequency).

Table 1
Fitted impedance values of the imprinted carbon electrode.

Electrodes Rct (Ω) C (μF) Rb (Ω) W

GP/CE 100 0.35 1.04 0.004
MIP/GP/CE without elution 151 0.49 1.07 0.005
MIP/GP/CE after elution 117 0.40 1.05 0.006

Rb (the solution resistance), Rct (the electron-transfer resistance), C (the double-
layer capacitance) and the Warburg impedance (the slope of the curves at a low
frequency).



Fig. 7. DPV results of the imprinted sensor toward 1.0 ng mL−1 NP, 50 ng mL−1 NP-2
and 50 ng mL−1 OP in 1.0 M KCl solution.

Table 2
Results of detection NP in rain and lake water samples (n¼3).

Samples Added (ng mL−1) Found (ng mL−1) Recovery (%) (n¼3) RSD (%)

Rain water 1.00 0.98 98 3.1
2.00 2.10 105 4.5
4.00 4.08 102 4.8

Lake water 1.00 0.97 97 3.2
2.00 2.09 105 4.0
4.00 4.16 104 4.7
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which allowed Fe(CN)63−/4− to diffuse through the imprinted film
[28]. The above phenomena certified the preparation of the
imprinted polypyrrole film successfully.

3.3. Calibration curve

A series of NP samples with different concentrations were
detected in 1.0 M KCl solution with the DPV method to investigate
the analytical capabilities of the developed imprinted sensor and
the DPV results are recorded in Fig. 6. The blank curve current
obtained in 1.0 M KCl solution without NP is 0.09 mA. As shown in
Fig. 6, a strong peak current curve was observed at 0.71 V in the
presence of NP, contributing to the oxidation of NP which
combined with imprinted cavities. The peak currents decreased
with the increasing of NP concentration. According to the previous
literatures [13,28], the phenomena can be explained by that the NP
template molecule combines with imprinted cavities specifically
and carries out oxidation at the electrode. It was interesting that
two NPs could undergo copolymerization and formation of an
insulting composite which blocked the imprinting cavities. Thus,
the response currents decreased with the increment of NP con-
centration as described in Fig. 6. It is noteworthy that the ΔIpc
value (referred to the blank) exhibited a linear relationship toward
the logarithmic value of NP concentrations at a range from
1.0�10−11 to 1.0�10−8 g mL−1 (shown in Fig. 6 inset). The linear
regression equation is as follows:

ΔIpc¼ –0:14 log C½NP�–0:67 ðR2 ¼ 0:98Þ:
The limit of detection was calculated as 3.5�10−12 g mL−1

(S/N¼3). Compared with other electrochemical determination
methods [28,32], the linear range and limit of detection obtained
from the developed sensor in this paper were better.

3.4. Selectivity, reproducibility and stability of the MIP sensor

To evaluate the selectivity of the developed imprinted sensor,
the detections of NP in the presence of foreign substances
involving polyoxyethylene(2) nonylphenyl ether (NP-2) and octyl-
phenol (OP) were conducted. Fig. 7 shows the DPV results
obtained in the determination of 5.0�10−9 g mL−1 NP, 1.0�
10−8 g mL−1 NP-2 and 1.0�10−8 g mL−1 OP. As shown in Fig. 7,
the Ipc value toward NP was larger than that of NP-2 and OP,
suggesting that the MIP/GP/CE possessed good selectivity. The
lower peak currents of the MIP/GP/CE toward OP and NP-2 were
attributed to the specific selectivity of the imprinted film. Briefly,
the template NP molecules could combine with the imprinted
cavities appropriately resulting in a strong current signal, while for
the non-template NP molecule, a little current signal was obtained
Fig. 6. Calibration curve of the imprinted electrochemical sensor toward different
NP standards concentrations in 1.0 M KCl solution (inset: DPV curves).
which is mostly attributed to the non-specific adsorption by the
imprinted electrode. These results indicated the high selectivity of
the imprinted electrochemical sensor.

The reproducibility of the imprinted sensor was investigated by
assaying 5.0�10−9 g mL−1 NP in 1.0 M KCl solution with the DVP
method using three MIP sensors which were prepared under the
same procedure. A recovery standard deviation (RSD) of 4.3%
was obtained, indicating a good sensor-to-sensor reproducibility.
The imprinted electrochemical biosensor also exhibited satisfac-
tory stability. The experimental results showed that as much as
92% of the initial peak current was preserved after storage of the
biosensor at 4 1C for 15 days.

3.5. Applications

To demonstrate its potential in practical applications, the novel
imprinted sensor was applied to the detection of NP which was
added in rain or lake water samples. The samples were firstly
centrifuged and then filtered with a 0.45 μm membrane. After
filtration, the samples were prepared with 1.0 M KCl solution, and
then standard NP solution was added into 1.0 M KCl water sample.
The assay of NP in different samples was conducted with the MIP/
GP/NBD/CE according to the proposed method for three times.
As shown in Table 2, the MIP/GP/NBD/CE was capable of detecting
NP with a good average recovery of 100.3% and 100.2% for
three measurements in rain and lake water, respectively, which
validated the good recovery and practicability of the developed
imprinted sensor.
4. Conclusions

A highly efficient molecularly imprinted electrochemical sensor
platform was developed using amide group terminated graphene
oxide molecules. The amide group terminated graphene oxide was
characterized by FT-IR. The high sensitivity of the imprinted sensor
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was attributed to the large surface area and excellent electronic
conductive activity of the electrochemical reduced GP modified
surface. In addition, the platform offers the advantages of simpli-
city and efficient assay in target detection, which are essential for
NP detection in environmental control. The developed electro-
chemical imprinted sensor was used to detect NP successfully. This
work provides a general protocol to fabricate graphene modified
chemical sensors with amide group terminated graphene oxide as
a precursor for sensitive and selective persistent environmental
pollutants detection.
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