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a b s t r a c t

A novel imprinted electrochemical sensor based on graphene/carbon nanotubes three-dimensional (3D)
nanocomposites modified carbon electrode was developed for the determination of tetrabromobi-
sphenol A. The imprinted film was prepared by one-step electrodeposition technique with pyrrole as the
functional monomer and tetrabromobisphenol A as the template molecule. The imprinted sensor was
used for the determination of tetrabromobisphenol A with differential pulse voltammetry. A linear
relationship between the response currents and the negative logarithm of tetrabromobisphenol A
concentrations was obtained in the concentrations range of 1.0�10�11–1.0�10�8 mol L�1 with a
detection limit of 3.7�10�12 mol L�1 (S/N¼3). The proposed imprinted sensor showed excellent
selectivity towards tetrabromobisphenol A. With good reproducibility and stability, the imprinted
electrochemical sensor was used to detect tetrabromobisphenol A in fish samples successfully with the
recoveries of 93.3–107.7%.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Brominated flame retardants (BFRs), which have been used in
commercial and industrial applications worldwide, have attracted
tremendous attentions because of their increasing environmental
toxicity [1,2]. Tetrabromobisphenol A (TBBPA), one of the com-
monly used BFRs, has been used in the manufacturing of office and
home electronic equipment involving computer, mobile phone,
television, and washing machine [3]. However, TBBPA can release
into the environment from the products, which has been detected
in air, soil, sediment, birds, fish, and humans [4–7]. Studies showed
that TBBPA is toxic to primary hepatocytes and weak estrogen-like
properties [8]. Currently, traces of TBBPA in the environment has
been detected by liquid chromatography tandem mass spectro-
metry, high performance liquid chromatography–electro-spray
tandem mass spectrometry, gas chromatography–electron capture
negative-ionization mass spectrometry and luminescent sensor
[9–12]. Nevertheless, time-consuming sample pretreatment and
expensive instruments have limited their application. While elec-
trochemical sensors can be considered as an alternative method
for the determination of TBBPA based on their advantages of fast

response, cheap instrument, simple operation, time-saving, high
sensitivity, and real-time detection in situ applied to medical [13],
biological [14], and environmental analysis [15]. Although our
group has fabricated imprinted polymer/graphene modified elec-
trode to detect TBBPA [16,17], there are no electrochemical sensors
based on three-dimensional (3D) nanocomposites modified car-
bon electrode for the determination of TBBPA.

Graphene (Gr), a 2D carbon material comprised of a single
sheet of hexagonally packed carbon atoms, has attracted tremen-
dous attentions due to its unique electrical, physical and optical
properties. The unique nanostructure showed great promise for
potential applications in nanomaterials and nanotechnologies.
However, graphene is also likely to form irreversible agglomerates
via van der Waals force during the drying process [18]. Fortunately,
there is interesting in introducing 1D carbon nanotubes (CNTs)
with 2D Gr sheets to prevent face-to-face agglomeration, in which
CNTs not only play an additional role of bridge for electron transfer
between Gr sheets, but also can effectively prevent the irreversible
aggregation of Gr sheets [19]. Therefore, the graphene/carbon
nanotubes (Gr/CNTs) 3D nanocomposites are expected to improve
the unique potential of Gr or CNTs as a free-standing electrode for
electrode materials. Recently, the 3D Gr/CNTs nanocomposites
have been applied in the field of supercapacitors [20,21], trans-
parent conductors [22], and lithium ion batteries [23,24].

Molecularly imprinted polymers (MIP) are cross-linked poly-
mers with specific recognition property for the template molecule
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[25,26]. Currently, many imprinted electrochemical sensors have
been developed with specific selectivity for the template [27,28].
However, there is no work reported on MIP-sensor based on Gr/
CNTs 3D nanocomposites modified electrode for the determina-
tion of TBBPA.

In this work, a feasible chemical method was developed to
synthesize Gr/CNTs 3D nanocomposites coated onto the bare carbon
electrode firstly. Then, an imprinted film with high selectivity toward
TBBPA was fabricated on the Gr/CNTs 3D nanocomposites modified
carbon electrode using a one-step electrodeposition technique with
pyrrole as the monomer and TBBPA as the template molecule.
Scanning electron microscopy (SEM), cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) were used to characterize the
imprinted sensor. The results indicated that the imprinted electrode
based on Gr/CNTs 3D nanocomposites was prepared successfully.
Compared with other methods for determination of TBBPA, the
imprinted sensor showed excellent selectivity and sensitivity toward
TBBPA. The proposed imprinted sensor was applied to detect TBBPA in
fish sample successfully.

2. Experimental

2.1. Reagents and chemicals

Graphite powder, KMnO4, H2SO4, Bu4NBF4, HCl, acetonitrile, HBF4
(50 wt% in water), N,N0-dicyclohexylcarbodiimide (DCC), N-hydroxy-
succinimide (NHS), tetrahydrofuran (THF), dimethylformamide (DMF),
hydrazine monohydrate, potassium ferricyanide, phenol, and H2O2

were obtained from Beijing Chemical Reagents Company. Bisphenol A
(BPA), TBBPA, phenol, and tetrabromobisphenol S (TBBPS) were
obtained from Alfa Aesar Company (Tianjin, China). Sodium nitrite
(NaNO2) and 4-nitroaniline were obtained from Dalian Xindi Chitin
(Dalian, China). A series of phosphate buffered saline (PBS) with
different pH values were prepared by KH2PO4 and Na2HPO4. All
reagents were analytical reagent grade. All the solutions were pre-
pared with ultrapure water.

2.2. Instruments and measurements

All electrochemical experiments were carried out on a CHI660B
electrochemical workstation (Shanghai Chenhua Instrument Co. Ltd.,
China). The three-electrode system was employed with a saturated
calomel electrode (SCE) 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 8�4mm2 and the detail preparation
procedure was as follows. First, acrylic-modified epoxy adhesive was
wrapped up the high purity rectangular carbon electrode brush which
was connected with a wire. Then the wire part was inserted through a
glass tube, and the high purity rectangular carbon electrode brush was
anchored onto the glass tube to form an impermeable device. The
electrochemical performances of the modified electrodes were char-
acterized with different techniques including CV and DPV. CV was
carried out from –0.3 to þ0.8 V with a scanning rate of 50 mV s�1 in
5.0 mmol L�1 [Fe(CN)6]3� /4� PBS (pH 7.5). DPV was performed from
�0.3 to þ0.8 V in PBS (pH¼7.5) containing different TBBPA concen-
trations. The morphology of the modified CE surface was obtained
with a field-emission scanning electron microscope (JEOL JSM-6700F).
All experiments were performed at ambient temperature.

2.3. Preparation of graphene/carbon nanotubes 3D nanocomposites

Graphene oxide (GO) was prepared from graphite powder
using the Hummers method [29]. The detailed procedures of
amino group terminated GO (GO-NH2) were as follows: Firstly,

300 mg of GO was added into 200 mL of anhydrous DMF in a
round-bottomed flask, and then sonicated for 2 h to form a
homogeneous suspension. After that, 2.3 g of NHS and 4.16 g of
DCC were added into the suspension and the mixture was stirred
in water bath at 50 1C for 1 h. Then, 35 mL of ethylenediamine was
added dropwise to the mixture and stirred with reflux for another
4 h. Finally, the suspension was filtered and washed with ethanol
and water several times to eliminate the residues and dried under
vacuum at 50 1C.

Carboxyl-functionalized CNTs (CNTs-COOH) were prepared by
sonication CNTs in a concentrated nitric/sulfuric acid (1:3, v/v)
mixture solution at 50 1C for 6 h. Graphene/carbon nanotubes
(Gr/CNTs) 3D nanocomposites were prepared as follows: First,
acryl chloride-functionalized CNTs (CNTs-COCl) were prepared by
suspending 100 mg of CNTs-COOH into 20 mL of thionyl chloride
and stirring for 24 h at 70 1C. Then the solid was separated,
washed with anhydrous THF and dried to obtain anhydrous
CNTs-COCl. After that, 20 mg of CNTs-COCl and 10 mg of GO-NH2

were added into 20 mL of anhydrous DMF solution. The mixture
was stirred at 120 1C under nitrogen atmosphere for 96 h, and the
mixture was reduced using 20 mL of hydrazine monohydrate (50%,
wt%) at 90 1C for 24 h. Then, the dispersion was filtrated through a
nylon membrane (0.22 μm) and washed several times with ultra-
pure water. Finally, the Gr/CNTs 3D nanocomposites were dried in
a vacuum oven at 40 1C overnight.

2.4. Fabrication of Gr/CNTs 3D nanocomposites modified MIP
electrode

The detailed preparation procedures of the imprinted sensor were
illustrated in Fig. 1. Firstly, bare carbon electrode was polished to a
mirror-like surface with 1.0 and 0.3 mm alumina slurry and washed
thoroughly with ultrapure water. Afterwards, 10 mg of Gr/CNTs 3D
nanocomposites was dispersed in 2 mL of 0.5 wt% of DMF solution.
Typically, 10 μL of the Gr/CNTs 3D nanocomposites suspension was
dropped on the surface of the cleaned bare carbon electrode with a
microinjector and dried under an infrared lamp for 30 min. By the
samemethod, Gr/CE or CNTs/CE was prepared by dropping 10 μL of Gr
or CNTs-COOH suspension on the carbon electrode surface.

Imprinted electrode was constructed by coelectrodeposition of
pyrrole and the template molecule TBBPA on the surface of
Gr/CNTs 3D nanocomposites modified carbon electrode using a
CV scanning technique. The CV scanning was performed at the
potential range of 0–0.8 V for 20 cycles at 50 mV s�1 in 20 mL of
0.2 mol L�1 pyrrol PBS (pH¼7.5) containing 5.0 mg mL�1 TBBPA.
After electropolymerization, the MIP modified carbon electrode
based on Gr/CNTs 3D nanocomposites (MIP/Gr/CNTs/CE) was
immersed in methanol/acetic acid (9:1, v/v) mixture solution to
remove the template TBBPA until TBBPA could not be detected in
the elution with ultraviolet spectrograph at 209 nm.

For comparison, non-imprinted polymers (NIP) modified elec-
trode based on Gr/CNTs 3D nanocomposites (NIP/Gr/CNTs/CE) was
prepared by the same procedures without addition of the template
TBBPA in the electrodeposition process.

2.5. Sample preparation

After homogenizing the fish with an Ultra-Turrax mixer, a
10.0 g aliquot was transferred into a 50 mL centrifuge tube. Then
10 mL of acetonitrile and 10 mL of hexane were added and the
mixture was shaken for 90 s. After centrifugation at a speed of
3000 rpm for 20 min, the solution was transferred into a beaker.
The solid residue and the hexane phase were extracted for a
second time by adding a fresh 10 mL of acetonitrile. The acetoni-
trile extracts were filtered with 0.45 mm membrane and the
filtrate was evaporated under a constant stream of nitrogen for
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2.0 mL. After diluting the mixture to the ratio 1:10 with PBS
solution (pH¼7.5), it was stored in a refrigerator under 4 1C
before use.

3. Results and discussion

3.1. Preparation and characterization of MIP/Gr/CNTs/CE

Prior to 3D nanocomposites modified on the electrode surface,
the chemical structures of CNTs-COOH, GO-NH2 and Gr/CNTs
nanocomposites have been investigated by Fourier-transform
infrared (FT-IR) spectrum analysis. As shown in Fig. S1, the FT-IR
spectrum of GO-NH2 shows an absorption band at 3327 cm�1,
which is characteristic of the –OH group. The adsorption bands at
1580 cm�1 and 641 cm�1 correspond to the –NH- and –CO–NH-
bending vibration, respectively. And the band at 1088 cm�1

corresponds to the C–N stretching vibration. The FT-IR spectrum
of CNTs-COOH shows an absorption band at 3329 cm�1, which
was assigned to –OH stretching vibration. After combined CNTs-
COOH and GO-NH2 to form Gr/CNTs, bending vibration of the –

CO–NH- at 3370 cm�1, C–N stretching vibration at 1088 cm�1 and
–NH-bending vibration at 640 cm�1 appeared. These results
indicated that the Gr/CNTs nanocomposites were fabricated
successfully.

In this paper, [Fe(CN)6]3�/4� was chosen as an indicator to
investigate the electrodes' electrochemical behavior. The electro-
chemical behavior of stepwise fabrication process of the electrode
was studied in 5.0 mmol L�1 [Fe(CN)6]3�/4� PBS (pH¼7.5). As
shown in Fig. 2A, a couple of redox peaks were existed for the bare
CE. When the electrode surface was covered with the Gr/CNTs 3D
nanocomposites, the redox peak currents increased apparently,
indicating the modified Gr/CNTs 3D nanocomposites can improve
the sensitivity of the Gr/CNTs/CE. In Fig. 2B, redox peaks of the Gr/
CNTs/CE were larger than that of sole Gr or CNTs modified CE. The
increment of peak currents can be attributed to the synergistic
effect of the Gr and CNTs, which can improve the electrical
conductivity and activation area of the Gr/CNTs 3D nanocompo-
sites modified electrode [30]. Curve c in Fig. 2A shows the cyclic
voltammogram of MIP/Gr/CNTs/CE before removing the template.
Compared with CV of the Gr/CNTs/CE, the peak currents of the
MIP/Gr/CNTs/CE before removing the template reduced due to the
modification of MIP film on the electrode surface. After TBBPA
removal, an obvious increment of the peak currents was obtained
compared to the peak currents of the MIP/Gr/CNTs/CE before
removing the template, which was caused by the formation of
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Fig. 2. (A) CV of the bare CE (a), Gr/CNTs/CE (b), MIP/Gr/CNTs/CE containing the
template (c), MIP/Gr/CNTs/CE without the template (d) and NIP/Gr/CNTs/CE (e);
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Fig. 1. Preparation procedure of TBBPA imprinted electrochemical sensor.

Z. Zhang et al. / Talanta 134 (2015) 435–442 437



vacant binding cavities which can accelerate mass transfer and
electronic transmission. Curve e in Fig. 2A is the cyclic voltammo-
gram of the NIP/Gr/CNTs/CE, which was apparently lower than
that of the MIP/Gr/CNTs/CE after removing the template. The
reason was that there was no imprinted cavity on the surface of
the NIP/Gr/CNTs/CE for the probe [Fe(CN)6]3� /4� to pass through.

The SEM images of the surface of bare CE, Gr/CE, Gr/CNTs/CE
and MIP/Gr/CNTs/CE were shown in Fig. 3. The SEM image of the
bare carbon electrode shows a smooth morphology. The Gr
modified electrode displays a typical crumpled and wrinkled
surface. When the Gr/CNTs were grafted, a three-dimensional
network structure was observed onto the surface of the CE, which
improved the Gr/CNTs/CE specific area. After electropolymeriza-
tion of the MIP film, the surface of the MIP/Gr/CNTs/CE became
rougher than that of the Gr/CNTs/CE, indicating that the MIP film
has been uniformly deposited onto the Gr/CNTs/CE.

3.2. Effect of pH

The influence of [Fe(CN)6]3�/4� solution with different pHs
range of 5.8–8.5 on the electrochemical performance of the MIP/
Gr/CNTs/CE toward TBBPA (1.0�10�10 mol L�1) was studied with
DPV technique in this paper. [Fe(CN)6]3� /4� was chosen as an
indicator based on TBBPA could not occur electrochemical reaction
on the imprinted sensor unless [Fe(CN)6]3� /4� probe being added
[16]. As shown in Fig. 4A, a maximum response current (ΔIp,
which is equal to the blank peak value minus the real response
peak current) was observed at pH 7.5, indicating that when the
solution pH is 7.5, the interaction between TBBPA and the
imprinted film can be facilitated. It is a fact that TBBPA has two
proton-binding sites, carboxyl and piperazinyl group with pKa

values of 7.5 and 8.5, respectively [31]. When the solution pH is
less than 7.5, the hydroxyl competitively adsorbed onto the
imprinted sites in the MIP/Gr/CNTs/CE with anionic TBBPA
decreased the uptake of TBBPA. At pH47.5, the TBBPA was mainly
in the form of negatively charged phenoxy ion, while the electro-
static repulsion between the imprinted sites in the MIP/Gr/CNTs/
CE and phenoxy anions lead to a decrease of imprinting bind [32].
Meanwhile, the response currents of the MIP/Gr/CNTs/CE were
higher than that of the NIP/Gr/CNTs/CE, which suggested that
binding sites were existed in the imprinted film.

3.3. Optimization of scanning cycles

Studies showed the thickness of polymer film could be adjusted
easily by controlling the number of scanning cycles during the
electropolymerization process [33]. The optimized cyclic scanning
cycles of electropolymerization for preparation of an excellent
imprinted sensor was investigated by comparing the response
currents of the different MIP/Gr/CNTs/CEs prepared by different CV
scanning cycles toward 1.0�10�10 mol L�1 TBBPA. As shown in
Fig. 4B, the response current of the MIP/Gr/CNTs/CE prepared with
CV scanning for 20 cycles reached the maximum in 5.0 mmol L�1

[Fe(CN)6]3�/4� PBS (pH¼7.5) containing 1.0�10�10 mol L�1 TBBPA,
and then decreased with the further increment of scanning cycles. In
general, when the imprinted film was too thick, the template
molecules were situated at the central area of the imprinted film,
which resulted in the template molecules removed from the imp-
rinted film incompletely. Thus, 20 cycles was selected as an optimal
scanning cycles to provide the highest sensitivity of the imprinted
film toward TBBPA.

Fig. 3. SEM images of the bare electrode (a), Gr/CE (b), Gr/CNTs/CE (c) and MIP/Gr/CNTs/CE (d).
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3.4. Adsorption kinetics of MIP/Gr/CNTs/CE

The binding kinetic of the MIP/Gr/CNTs/CE toward TBBPA was
investigated by changing the adsorption interval time range of
2–15 min in 1.0�10�10 mol L�1 of TBBPA solution. As shown in
Fig. 4C, the rebinding amount of TBBPA on the MIP/Gr/CNTs/CE
increased quickly in the interval time of 0–10 min, resulting in the
rapid decrement of the response currents. After that, the response
currents remained almost constant when the MIP/Gr/CNTs/CE was
immersed in TBBPA solution over 10 min. However, little of current

changes were observed with the increment of the time when the
NIP/Gr/CNTs/CE was immersed in TBBPA solution. This could be
explained that most imprinted cavities were situated at the sur-
face of the MIP film, which resulted in the recognition sites fast
combination with the template molecule and a shorter time was
needed for the MIP/Gr/CNTs/CE to reach binding equilibrium.

3.5. Calibration curve

DPV was conducted to detect TBBPA standard solutions with
different concentrations range of 1.0�10�11–1.0�10�8 mol L�1 to
investigate the analytical performance of the MIP/Gr/CNTs/CE. As
depicted in Fig. 5A, the peak currents decreased with the increment
of the concentration of TBBPA, the response mechanism can be
explained that the TBBPA molecules diffuse to the electrode
combining with the imprinted cavities, in which [Fe(CN)6]3�/4�

acting as probe cross through the imprinted film to reach the carbon
electrode. Thus the more the TBBPA combined, the more the current
responded. Furthermore, the response current (ΔIp) of the MIP/Gr/
CNTs/CE was linear toward the negative logarithm of TBBPA con-
centration (� log C) ranged from 1.0�10�11 to 1.0�10�8 mol L�1.
As shown in Fig. 5B, the linear equation is as follows:

ΔIp ¼ 1:356þ0:105 log C R2 ¼ 0:991
� �
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The detection limit was calculated as 3.7�10�12 mol L�1 at a
signal-to-noise ratio of 3, which was more sensitive than most
available TBBPA detection methods shown in Table 1 [16,17,34–37].

3.6. Selectivity

To study the selectivity of the proposed MIP/Gr/CNTs/CE sensor,
DPV response currents of the MIP/Gr/CNTs/CE and NIP/Gr/CNTs/CE
toward TBBPA and structural analogs were investigated and the
results were shown in Fig. 6A. The response currents at 0.2 V of the

MIP/Gr/CNTs/CE toward TBBPAwere larger than that of the NIP/Gr/
CNTs/CE. And the ΔIp of the MIP/Gr/CNTs/CE toward TBBPA was
larger than that toward structural analogs either, which revealed
that the proposed MIP/Gr/CNTs/CE exhibited good selectivity
towards TBBPA. The high selectivity of the MIP/Gr/CNTs/CE toward
TBBPA was ascribed to the molecular interaction between TBBPA
and the amino groups of the functional monomers in the specific
recognition sites of the imprinted polymers. Only the template
molecule TBBPA can enter and combine with the imprinted
cavities due to the compatibility of molecule size between the

Table 1
Comparison with other reported methods for determination of TBBPA.

Analytical methodsa Detection limit Recovery (%) Applications References

MIP-SPE–LC/DAD 2 ng L�1 85–97 Tap water, river water and lake water 34
MIP-SPE–HPLC 2.2–3.8 ng L�1 89.4–102.0 Tap water and river water 35
MIP-SPE–HPLC 3 ng L�1 95–105 Tap water 36
SPE–HPLC 0.4–0.9 μg L�1 86.5–103.6 River water and waste water 37
MIP–luminescent sensor 1.5�10�8 mol L�1 80.2–96.5 Water and soil 12
MIP–electrochemical sensor 2.3�10�10 mol L�1 101–104 Rain and lake water 16
MIP–electrochemical sensor 1.3�10�10 mol L�1 100.1–104 Tap water, rain and lake water 17

MIP–electrochemical sensor 3.7�10�12 mol L�1 93.3–107.7 Catfish, Chub, Carp sample In this paper

a MIP-SPE: molecularly imprinted polymer-solid phase extraction; LC/DAD: liquid chromatography combined with diode array detector; HPLC: high performance liquid
chromatography.
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imprinted cavity and TBBPA. Furthermore, the selectivity of the
MIP/Gr/CNTs/CE towards TBBPA was valued by the response
current ratio (ΔIm/ΔIo, ΔIm andΔIo are response current of TBBPA
at 0.2 V in the presence and absence of interferences.) of DPV
response in the presence of structural analogs including TBBPS,
phenol and BPA. As shown in Fig. 6B, comparison with reference
response current ratio of TBBPA (ΔIm/ΔIo¼1), ΔIm/ΔIo was only
slightly changed from 91.0% to 113.0% with 50-fold of interfering
substances.

3.7. Reproducibility, repeatability and stability

The reproducibility of the MIP/Gr/CNTs/CE was investigated for
1.0�10�10 mol L�1 TBBPA. The response currents of five MIP/Gr/
CNTs/CEs which were prepared with the same procedure toward
the TBBPA were investigated. A relative standard deviation of 3.1%
for the five MIP/Gr/CNTs/CEs confirmed that the imprinted sensor
modified with Gr/CNTs 3D nanocomposites in this paper is
reproducible. The MIP/Gr/CNTs/CE could be used at least 50 or
60 times with subsequent washing and measuring operations with
the relative standard deviation (RSD) of 3.5%. Moreover, no
apparent decrease in the response currents of the MIP/Gr/CNTs/
CE toward 1.0�10�10 mol L�1 was found when it was stored for
1 month.

3.8. Applications

To ascertain the feasibility of the novel MIP/Gr/CNTs/CE for its
possible application, the MIP/Gr/CNTs/CE was used for testing
three fish samples and evaluating the recovery of TBBPA. Each
sample was tested for three times. As shown in Table 2, TBBPA was
only found in the Catfish sample and Carp sample, and the
recoveries were in the range of 93.3–107.7%, indicating that the
MIP/Gr/CNTs/CE can be applied for the determination of TBBPA in
the real sample.

4. Conclusions

A sensitive and selective imprinted sensor based on Gr/CNTs 3D
nanocomposites was constructed successfully for the determina-
tion of TBBPA in this paper. The excellent performance of the MIP/
Gr/CNTs/CE for the determination of TBBPA was ascribed to the
synergistic effects of the good electrical conductivity of Gr/CNTs
3D nanocomposites and the selectivity of the imprinted film. With
excellent sensitivity and selectivity, the MIP/Gr/CNTs/CE was
applied to analysis of real samples successfully with the recoveries
of 93.3–107.7%. This work provides a general protocol to fabricate
3D hybrid nanocomposites modified sensor for sensitive and
selective persistent environmental pollutants detection.
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