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Facile and green fabrication of size-controlled AuNPs/CNFs hybrids for
the highly sensitive simultaneous detection of heavy metal ions
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A B S T R A C T

A well-dispersed Au nanoparticle grown on carbon nanofibers (AuNPs/CNFs) with excellent
electroanalytical activity and sensitivity towards the detection of heavy metal ions was synthesized
via electrospinning technology and in situ thermal reduction. Field-emission scanning electron
microscopy (FE-SEM) and transmission electron microscopy (TEM) images show that a large amount
of AuNPs with a diameter of 5–15 nm was homogenously distributed on the surface of the nanofibers. The
AuNPs/CNFs hybrids modified electrode was utilized as the working electrode for the simultaneous
detection of heavy metal ions such as Cd2+, Pb2+ and Cu2+ through the square wave anodic stripping
voltammetry (SWASV) method. The electrochemical results indicate that the simultaneous detection of
Cd2+, Pb2+ and Cu2+ with a low concentration of 0.1 mM can be obtained. This work may provide an easy
way to construct electrochemical sensors for the quick detection of trace heavy metal ions.
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1. Introduction

Recently, heavy metal pollution, including cadmium, lead and
copper, has received great attention due to its high toxicity and
easy accumulation. This type of pollution could be seriously
hazardous not only to the environment around biological systems
but also directly to human beings [1–5]. Therefore, a direct and
highly sensitive determination of heavy metallic solutions is of
great importance, and huge efforts have been made to achieve
efficient methods to realize fast and accurate detection.

With the rapid developments in materials science and
technology, in situ analysis for tracing heavy metals is highly
desired. Although the conventional analytical methods, such as
atomic fluorescence spectrometry (AFS) [6], hyper-Rayleigh
scattering [7], and inductively-coupled plasma mass spectrometry
(ICP-MS) [8], have relatively low detection limits and high
precision, the drawbacks of high cost, complicated pre-processing
and being limited to single composition detection seriously restrict
their widespread application in real-time online and continuous
monitoring. Alternatively, the electrochemical analysis method
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can achieve this due to its portability, high sensitivity, good
selectivity, low cost, and suitability, attracting much attention from
researchers in the detection field, especially for heavy metal ions.

Currently, square wave anodic stripping voltammetry (SWASV)
is widely used for the determination of trace heavy metal ions due
to its excellent sensitivity and low detection limits. As one of the
electrochemical methods, SWASV has impressive advantages over
other voltammetry methods, such as excellent sensitivity, the
unique ability to certain metals and the ability to simultaneously
analyze several heavy metal ions [9–14]. Typically, SWASV includes
two independent procedures: deposition and stripping. First, in
the deposition process, metal ions can be reduced under a certain
potential from the sample solution to the working electrode.
Inversely, when stripping, the reduced metals are oxidized to their
ions [15,16]. For the SWASV methods, the ability to dynamically
assess low metal concentrations in aqueous solutions is critical for
the highly efficient detection of trace heavy metal ions [17].
Consequently, it is of great importance to design fantasy electrode
materials, which are essential for the satisfactory performance of
electrochemical sensors.

In regard to electrode materials, we can hardly ignore nano-
materials due to their large specific surface area, fast mass transfer
speed and countless active sites. Nanomaterials-based sensors
exhibit an extremely high surface area, which can increase the

http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2016.02.163&domain=pdf
mailto:du@zstu.edu.cn
http://dx.doi.org/10.1016/j.electacta.2016.02.163
http://dx.doi.org/10.1016/j.electacta.2016.02.163
http://www.sciencedirect.com/science/journal/00134686
www.elsevier.com/locate/electacta


B. Zhang et al. / Electrochimica Acta 196 (2016) 422–430 423
number of binding sites available for the adsorption of metal ions
[18–21]. Moreover, the unitization of nanomaterials usually leads
to faster charge transfer rates, resulting in lower detection limits
and faster analyte detection rates than those of conventional
sensors [20,22,23]. Large amounts of nanomaterials, such as noble
metal nanoparticles (NPs), carbon nanotubes (CNTs) and graphene,
have been employed to construct electrochemical sensors [24–27].
Moreover, carbon nanomaterials are becoming more and more
popular due to their attractive conductivities, broad potential
range, easy modification and low cost. In recent decades, large
amounts of carbonaceous materials, such as graphene [28,29],
CNTs [30–32], carbon paste, carbon nanospheres [33] and porous
carbons [34,35], have been applied to fabricate efficient electro-
chemical sensors. Several groups have demonstrated sensitive
sensors using CNTs [36,37] and graphene [25]. Myung et al.
fabricated a graphene-encapsulated nanoparticle-based sensor for
the selective detection of cancer biomarkers [38]. Chen et al.
reported on CNTs-based electrochemical devices for the electronic
sensing of protein [39]. In our previous work, size-controlled
nanocrystals grown on carbon nanofibers (CNFs) were successfully
constructed by combining an electrospinning technology and
thermal reduction [40,41]; the as-prepared nanocrystal/CNFs
nanostructure was used in the aspects of electrochemical
applications related to electrochemical biosensors and electro-
catalytic devices [42,43]. CNFs with high length-to-diameter ratio
are capable of offering additional active sites for nanoparticle
loading or deposition.

To realize a much higher sensitive and selective electroanalysis,
many have explored composite-modified electrodes [44], which
probably contribute to significantly enhance electrochemical
activity. Moreover, the relatively simple and easily synthe sized
gold nanoparticles (AuNPs) have been proven to be an excellent
material for tracing heavy metals [45,46], which can further
improve the response signals in SWASV. Our group has reported
electrochemical biosensor designs using noble metal nanostruc-
tures for the detection of H2O2, glucose and glutathione [43,47,48].
In the present investigation, we propose a new strategy for the
design and synthesis of small, size-controlled and well-dispersed
AuNPs grown on CNFs. The fabricated AuNPs/CNFs hybrids is used
as an electrochemical sensor for the detection of trace heavy metal
ions and exhibits a low detection limit and wider response range,
indicating its promising potential application in tracing and
monitoring low concentrations of heavy metals.

2. Experimental section

2.1. Materials

Chloroauric acid (HAuCl4�4H2O, 99.9%) was acquired from
Shanghai Civi Chemical Technology Co., Ltd. Epigallocatechingal-
late (EGCG) was purchased from Xuancheng Baicao Plant Industry
and Trade Co., Ltd. N, N’-dimethylformamide (DMF) was
purchased from Shanghai Shenbo Chemical Co., Ltd (China).
Phosphate buffer (PB) was obtained from Hangzhou Gaojing Fine
Chemical Co. Ltd. Nafion aqueous solution (5 wt%) was obtained
from Aldrich Chemistry Co., Ltd. Pb(NO3)2, Cd(NO3)2�4H2O,
CuCl2�2H2O, K3Fe(CN)6, KCl and other reagents were purchased
from Aladdin Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). All the chemicals were used as received without further
purification. Deionized water (DIW) was used for all solution
preparations.

2.2. Apparatus

Transmission electron microscopy (TEM) images were obtained
by using a JSM-2100 transmission electron microscope (JEOL,
Japan) at an acceleration voltage of 200 kV. The morphologies of
the electrospun AuNPs/CNFs hybrids were observed by using a
JSM-6700F field-emission scanning electron microscope (FE-SEM,
JEOL, Japan) at an acceleration voltage of 3 kV. The X-ray
photoelectron spectra of the AuNPs/CNFs hybrids were recorded
using an X-ray photoelectron spectrometer (Kratos Axis Ultra DLD)
with an aluminum (mono) Ka source (1486.6 eV). The aluminum
Ka source was operated at 15 kV and 10 mA. All cyclic electro-
chemical measurements (cyclic voltammetry and square wave
anodic stripping voltammetry (SWASV)) were carried out using a
CHI660E computer-controlled potentiostat (ChenHua Instruments
Co., Shanghai, China) and performed in a conventional three-
electrode cell with either a bare or modified glassy carbon
electrodes (GCE) as the working electrode, a platinum electrode as
the counter electrode and a saturated calomel electrode (SCE,
ChenHua Instruments Co., Shanghai, China) as the reference
electrode.

2.3. Preparation of AuNPs in Polyacrylonitrile (PAN) electrospun
precursor solution and AuNPs embedded in Polyacrylonitrile
nanofibers (AuNPs/PAN)

To prepare the precursor solution, 1.5 g of PAN was first
dissolved in 10 mL of DMF under moderate stirring to obtain a
homogeneous solution. Then, the mixtures were poured into a
conical flask (fitted with a reflux condenser and a Teflon-coated stir
bar) and heated to 60 �C, with vigorous stirring by magnetic force.
After a while, Au (III) solution was added into the 3-neck flask by
dripping slowly. In the last step, 0.0125 g of EGCG, dissolved in 5 mL
of DMF, was injected into the above Au mixture solution after a
homogeneous solution was obtained. Within this condition,
vigorous stirring was continued until the mixture was uniform,
thus producing the precursor solution.

The electrospun procedure of the AuNPs/PAN precursor was the
same as for the PAN nanofibers. The feed rate, voltage and distance
were 0.6 mL/h, 15 kV and 15 cm, respectively. All experiments were
performed at room temperature. The electrospun AuNPs/PAN
nanofibrous mats were collected onto a scroll wheel and then
preserved through drying for further use.

2.4. Preparation of size-controlled AuNPs in carbon nanofibers
(AuNPs/CNFs) hybrids

First, a piece of an electrospun AuNPs nanofibrous mat
(10 � 15 mm) was put into a homemade chemical vapor deposition
(CVD) tube furnace for heat treatment and then heated at 300 �C in
air for the first stage; the corresponding heating rate was 5 �C/min.
Then, the samples were heated to 900 �C for graphitization for 6 h
in Ar (120 Sccm) gas flow. Finally, the samples were held at the
desired graphitization temperature for 4 h to gain full carboniza-
tion and subsequently cooled to room temperature under an Ar
atmosphere.

2.5. Preparation of AuNPs/CNFs modified GCE (AuNPs/CNFs/GCE)

The bare GCE was ultrasonically processed in ethanol for 20 min
to reduce the surface residue and then polished carefully with
0.3 and 0.05 mm of alumina slurry, followed by rinsing in ethanol
and doubly distilled water and then drying. 3 mg of AuNPs/CNFs
powder was dispersed in 1 mL of mixture solvent, composed of 3:1
(v/v) isopropanol/distilled water and 30 mL of Nafion solution (5 wt
%) by ultrasonication to form a homogeneous ink. Additionally,
5 mL of ink was carefully transferred onto the GCE and dried at
room temperature. The modified electrode is denoted as AuNPs/
CNFs/GCE. After solvent evaporation, the electrodes were stored in
a desiccator at room temperature before further characterization.
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2.6. Simultaneous detection of Cd2+, Pb2+, Cu2+ and optimization
parameters

Square wave anodic stripping voltammetry (SWASV) was used
for the simultaneous detection of Cd2+, Pb2+, and Cu2+ on a CHI660E
electrochemical workstation. All electrochemical measurements
were performed with a three electrode system: the modified GCE
(AuNPs/CNFs/GCE) as the working electrode, a platinum electrode
as the counter electrode and a saturated calomel electrode (SCE) as
the reference electrode. First, the AuNPs/CNFs/GCE electrode was
immersed into the mixed liquor containing 0.1 mol L�1 of
Phosphate Buffer solution (PBS) and metal ions solution. Then,
metals were deposited onto the surface of the modified electrode
at the potential of �1.8 V vs SCE for 150 s. Briefly, the deposition
process was realized via the reduction of corresponding heavy
metal ions in the mixture solutions, followed by another invertible
process: stripping. All the experiments were carried out under the
following experimental conditions: the scanning potential ranged
from �1.2 to 0.8 V; the amplitude was 50 mV; the increment
potential was 4 mV; the frequency was 15 Hz. Moreover, other
external conditions were controlled to ensure the comparability of
each experiment. A positive potential was applied to the working
electrode for 60 s to remove the deposited residual species from
the surface after each detection test.

To gain maximum sensitivity and the minimum limit of
detection with the modified electrode (AuNPs/CNFs/GCE), the
corresponding voltammetric parameters (deposition potential and
Fig. 1. (a) and (b) FE-SEM images of the different sizes of prepared AuNPs/CNFs via an in
AuNPs/CNFs. (e) the size distribution of the AuNPs loaded on CNFs; the inset is the cor
deposition time) were optimized via repeated experiments under
similar conditions.

3. Results and Discussion

3.1. Morphology of AuNPs/CNFs hybrids

The AuNPs/CNFs hybrids were synthesized according to our
previous work [41]. First, AuNPs/PAN nanofibers with homo-
geneously distributed AuNPs were obtained via an in situ reduction
and electrospinning procedure. Then, the AuNPs underwent
migration from inside to the surface of carbon nanofibers, with
the condition of high temperature carbonization. Fig. 1a and b
show the FE-SEM images of the as-prepared AuNPs/CNFs. The
diameter of the nanofibers was approximately 342 � 36 nm, and a
large amount of AuNPs was homogenously distributed on the
surface of the nanofibers. The size-controlled AuNPs were loaded
onto the carbon fibers homogenously, which can be further
confirmed from the TEM image shown in Fig. 1c. A typical HRTEM
image of the AuNPs is shown in Fig.1d, indicating the lattice fringes
of the as-prepared AuNPs. The latter fringe spacing of the AuNPs
was approximately 0.217 nm, corresponding to the (111) plane.
Moreover, the diameter of the AuNPs was between 5 and 15 nm, as
shown in Fig.1e, which suggests that the AuNPs from our work had
smaller size compared with those synthesized using other
methods, e.g., the laser ablation in liquid (LAL) method [45],
probably contributing to the much higher electrochemical activity
 situ reduction approach. (c) TEM image of the AuNPs/CNFs. (d) HRTEM image of the
responding area of the selected AuNPs/CNFs. (f) SAED pattern of the AuNPs/CNFs.



Fig. 2. (a) XRD pattern of the AuNPs/CNFs hybrids. (b) XPS spectrum of Au 4f of the AuNPs/CNFs hybrids.
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in the electrochemical characterization. The selected area electron
diffraction pattern was consistent with a typical gold crystal and
previous results (see Fig. 1f) and the concentric diffraction rings
were included the (111), (200), (220), (311) and (222) planes of the
Au crystal, from the inside to outside.

As shown in Fig. 2a, a typical diffraction peak of Au crystal
emerged on the XRD pattern. The strong representative diffraction
peaks appeared at 38.3�, 44.4�, 64.8�, 77.8� and 82.6�, which are
consistent with the (111), (200), (220), (311) and (222) planes of the
Au crystal. The strong and sharp peaks in Fig. 2a suggest the fantasy
crystallization of AuNPs by our method. Moreover, a broad
diffraction peak was detected at 2u = 24.7�, indicating the crystal-
line structure of the graphitic carbon in the nanofibers, which is
ascribed to the PAN crystalline phase of the (120) plane and
amorphous phase. Meanwhile, the XPS spectrum of the AuNPs/
CNFs hybrids is shown in Fig. 2b. Clearly, two sharp and identifiable
peaks can be observed at 87.8 and 84.2 eV, respectively, which are
Fig. 3. (a) EDX spectrum of the AuNPs/CNFs hybrids; the inset is an HAADF-STEM image o
selective area are adjacent to the right. (b) Line scan EDX spectra of the AuNPs/CNFs hybri
in text, the reader is referred to the web version of this article.)
associated with the binding energies of Au 4f7/2 and Au 4f5/2. The
intensity of the Au 4f peaks of AuNPs/CNFs was much higher,
indicating that the AuNPs/CNFs had more exposed AuNPs on the
surfaces of the carbon nanofibers according to previous research.
The XPS results are consistent with the FE-SEM, STEM and XRD
results.

The red square in Fig. 3a is the mapping region of the AuNPs/
CNFs, which further verified the polycrystalline and face-centered
cubic-phase nanocrystalline structure of AuNPs. To further
investigate and verify the specific composition elements, we
obtained the EDX spectrum of the AuNPs/CNFs hybrids. Fig. 3a
shows the C, O and Au elements, proving the presence of AuNPs.
Moreover, the HAADF-STEM and STEM-EDS mapping images of
CNFs clearly show three typical elements, which are ascribed to
carbon, oxygen and nitrogen. We also obtained line-scanned EDX
spectra from 3 AuNPs in individual carbon nanofibers, as shown in
Fig. 3b and c. The emergent position of gold element was relatively
f the AuNPs/CNFs hybrids, and the corresponding STEM-EDS mapping images of the
ds for all elements and (c) only for gold. (For interpretation of the references to color



Fig. 4. (a) Cyclic voltammograms response of bare and AuNPs/CNFs hybrids-modified GCE in a solution of 5 mM K3[Fe(CN)6], with steps from �0.2 to 1.5 V vs SCE. (b) SWASVs
for simultaneous detection of Cd2+, Pb2+ and Cu2+ with the modified AuNPs/CNFs/GCE, CNFs/GCE and bare/GCE. The conditions are as follows: the concentration of Cd2+, Pb2+

and Cu2+ is 1 mM, pH 6.8, deposition potential �1.8 V, room temperature, amplitude 50 mV, increment potential 4 mV, frequency 15 Hz.
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similar to the ideal position, indicating the existence of gold,
carbon, oxygen and nitrogen.

3.2. Electrochemical performance of the AuNPs/CNFs hybrids modified
electrode

To fully investigate the electrochemical performance of the GCE
modified with our nanomaterials, we performed a series of
experiments on the electrode using a cyclic voltammogram (CV)
and SWASV. Fig. 4a shows the CV signals of the bare and modified
GCE, corresponding to the red and black lines in the figure, which
were immersed in a neutral solution of 5 mM K3[Fe(CN)6]. The CV
curves were determined in the potential range from �0.2 to 1.5 V
(vs. SCE), with a scan rate of 100 mV/s. Compared with the bare
GCE, the modified GCE had a relatively higher peak current and a
Fig. 5. SWASVs for simultaneous detection of Cd2+, Pb2+ and Cu2+ over a deposition time r
metal ion solution: (a) 0.1 mM, (b) 0.25 mM, (c) 0.5 mM, (d) 1.0 mM. The other experim
couple of well-defined oxidation and reduction peaks. This may be
ascribed to the existence of modified materials, contributing to the
acceleration of the electron transfer process. As a result, the
prepared AuNPs/CNFs hybrids exhibit high activity in electron
transfer, and the AuNPs/CNFs/GCE possess much better electro-
chemical catalytic behavior. Fig. 4b shows the SWASV signals of the
bare and modified GCE in 1 mM. Compared with the bare GCE, the
modified GCE exhibit three well defined peaks of Cd2+, Pb2+ and Cu2

+ with higher current and possess a stable base line, which indicate
that the modified AuNPs/CNFs/GCE exhibits excellent electroanal-
ysis capability for simultaneous detection of heavy metal ions.

Fig. 5 demonstrates the SWASV analytical characteristics of the
modified GCE. In general, the signals of the stripping peak improve
with increasing deposition time and concentration of metal ions,
as does the consistency and reproducibility. The stripping currents
ange from 30–300 s on AuNPs/CNFs/GCE in 0.1 M PBS and different concentrations of
ental conditions are the same as those in Fig. 4.



Fig. 6. The experimental parameter deposition potential and deposition time optimization. All data were captured through SWASV detection of a metal ion solution
containing 1.0 mM each of Cd2+, Pb2+ and Cu2+. The other experimental conditions are the same as those in Fig. 4.
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still had good peaks with the modified AuNPs/CNFs electrode, even
at such a low concentration (0.1 mM) of metal ions, suggesting that
it is suitable for AuNPs/CNFs/GCE as the working electrode to
accumulate Cd2+, Pb2+and Cu2+ and to be stripped at the
corresponding potentials.

3.3. Electrochemical experimental parameter optimization of the
AuNPs/CNFs hybrids modified electrode

In addition to detecting heavy metal ions with relatively high
accuracy, the modified GCE needs to achieve maximum sensitivity
for practical application. Thus, optimizing the experimental
parameters to obtain an apparent signal is of great importance.
Fig. 6 shows the effects of deposition potential and deposition time
on the stripping current of the modified GCE. All the experiments
were performed in a mixed solution, with 1.0 mM each of Cd2+, Pb2+

and Cu2+, under the same controlled conditions. The deposition
potential plays a key role in ion accumulation, which mostly
decides whether accumulation and reduction are sufficient. Fig. 6a
demonstrates that the stripping currents of Cd2+, Pb2+ and Cu2+ are
the highest and show an impressive signal when the deposition
potential is at �1.8 V, which is attributed to the full accumulation at
this potential for all the metal ions. Therefore, we chose �1.8 V as
the optimal deposition potential for the following optimization.
The deposition time is also a significant factor that could have a
great impact on the sensitivity. Fig. 6b illustrates the stripping
current of the 3 target metals, with varying deposition time. For
Pb2+, as time increased, the peak current became higher, from 30 to
Fig. 7. SWASVs for the simultaneous detection of Cd2+, Pb2+ and Cu2+ under the optimu
1.0 mM on AuNPs/CNFs/GCE.
240 s and then followed a descending trend. Meanwhile, the peak
currents of Cu2+ and Cd2+ exhibited a slight increase as the
deposition time increased to 150 s. Then, after a slight decrease, the
stripping current remained stable. Based on the optimal deposition
time of all metals, 150 s was chosen as the optimum deposition
time.

Fig. 7 describes the SWASVs of AuNPs/CNFs/GCE in a mixed
solution containing different concentrations of Cd2+, Pb2+ and Cu2+.
The curves exhibited three obvious signals at the potentials of
�0.8, �0.5, and 0 V, corresponding to the oxidation potentials of
Cd, Pb and Cu, respectively. Moreover, the stripping peaks
exhibited well-defined and well-separated signals for each other,
indicating that the modified electrode can simultaneously detect
the three target ions as the working electrode at such a low
concentration as 0.1 mM. Meanwhile, the excellent sensibility and
distinguishability of the modified electrode also indicates that it
can be used in the field of practical application effectively.

To investigate the line range of detection, we determined the
relationship between the fitting curve of the currents and the
concentration of metal ions in Fig. 8. The linearization curve
reflects that the currents became higher with increasing ion
concentration, ascribed to the aggravation of ion exchange. Fig. 8a,
b and c show that the calibration curves were linear over the range
from 0.1 to 1.0 mM for the 3 metal ions; the linearization equations
are displayed in the figure with the correlation coefficients of
0.973, 0.936 and 0.833, corresponding to Cd2+, Pb2+ and Cu2+,
respectively. From Table 1, the relative standard deviations (RSD) of
the as-prepared sensor for each ion were measured with 5 replicate
m conditions. The detection was carried out over a concentration range from 0.1 to



Table 1
The repeatability of as-prepared AuNPs/CNFs.

concentration RSDa for Cd2+ RSD for Pb2+ RSD for Cu2+

0.5 mM 4.27% 6.81% 6.30%
1.0 mM 5.52% 7.61% 7.25%

a RSD means the relative standard deviations.

Fig. 8. The corresponding calibration curve plots of Cd2+, Pb2+ and Cu2+.

Table 2
Comparison of some electrode materials for the simultaneous detection of Cd2+, Pb2+ a

Electrode materials method 

Carbon Nanotube Thread SWASV 

Ti/TiO2 ASV 

Mo6S9-xIx Nanowires DPASV 

SnO2/Reduced Graphene Oxide Nanocomposite SWASV 

AuNPs by LAL DPASV 

AuNPs/CNFs SWASV 

a the lowest detection concentration for simultaneous detection of Cd2+, Pb2+ and Cu
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experiments, which indicate the sensor can be applied to detect
heavy metal ions simultaneously with high repeatability. There-
fore, we can draw the conclusion that Cd2+, Pb2+ and Cu2+ can be
detected simultaneously; the lowest detection concentration
reached in our experiments was an incredible 0.1 mM. As a
comparison, we list some reported typical electrode materials for
the simultaneous detection of Cd2+, Pb2+ and Cu2+. From Table 2, it
nd Cu2+.

LDa (mmol L�1) Deposition time (s) Reference

Cd 1.0 120 [49]
Pb 0.25
Cu 0.5

Cd 0.6 300 [50]
Pb 0.6
Cu 0.6

Cd 0.00445 240 [51]
Pb 0.00724
Cu 0.0126

Cd 0.3 120 [10]
Pb 0.3
Cu 0.3

Cd 0.3 300 [45]
Pb 0.3
Cu 0.3

Cd 0.1 150 This work
Pb 0.1
Cu 0.1

2+.
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can be seen that the present fabricated AuNPs/CNFs hybrid relative
high efficient simultaneous detection of Cd2+, Pb2+ and Cu2+.

As a chemical sensor for heavy metal ions, the as-prepared
AuNPs/CNFs hybrids demonstrates excellent electrochemical
activity, which can be ascribed to the following reasons: (1) the
well-dispersed AuNPs fabricated by using the in-situ reduction
method exhibited favorable electron response to the concentration
of metal ions. Moreover, the fabricated AuNPs were much smaller
than those reported by other methods [45,46], which may offer a
larger surface area for the deposition of metal ions, contributing to
the enhancement and separation of electrochemical signals to each
other. (2) The high electron transport capability of CNFs also
facilitates the stripping and deposition of heavy metal ions; the
excellent stability will endow the electrode with good durability.
(3) The AuNPs/CNFs hybrids was synthesized via an electro-
spinning technique and exhibited a high surface-specific area and
high porosity, which are beneficial for the penetration of heavy
metal ion solutions and increase the surface contact area of the
electrode. Moreover, only the chemical reagent EGCG was used for
the reduction of AuNPs in the experiments; hence, the present
investigation offers a facile, green, highly sensitive and simulta-
neous method for the detection of trace heavy metal ions.

4. Conclusions

A facile, green, highly sensitive and simultaneous method for
the detection of trace heavy metal ions was demonstrated. Well-
dispersed AuNPs, grown on carbon nanofibers (AuNPs/CNFs) with
excellent electroanalytical activity and sensitivity towards the
detection of heavy metal ions, were synthesized via electro-
spinning technology and in situ thermal reduction. The AuNPs/
CNFs hybrids modified electrode was utilized as the working
electrode for the simultaneous determination of heavy metal ions
such as Cd2+, Pb2+ and Cu2+ through the SWASV method. The
electrochemical results indicate that the AuNPs/CNFs hybrids
electrode exhibits high sensitivity and a low detection limit of the
simultaneous detection of Cd2+, Pb2+ and Cu2+, which was
attributed to the exposed well-dispersed AuNPs, the high electron
transport capability of CNFs, and the high surface-specific area and
high porosity of the AuNPs/CNFs hybrids. The present investigation
offers an effective and promising method for the simultaneous
detection of trace heavy metal ions.
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