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a b s t r a c t
Even though electrochemical analytical tools have been widely investigated for toxic As(III) detection and
the achievements have also been so fruitful. However, electroanalysis method with efﬁcient and high antiinterference toward As(III) in the original pH of natural water is still scarce and urgent. To this end, in this
work, a sensing interface, which was fabricated with AuNPs/CeO2 -ZrO2 nanocomposite modiﬁed glassy
carbon electrode (GCE), was employed for sensitive and accurate analysis of As(III) in the nearly groundwater pH (according to a real groundwater sample collected from Guan Di Ying Village in Togtoh County,
pH ∼8.0) using square wave anodic stripping voltammetry (SWASV). Taking advantages of the strong
adsorption ability of CeO2 -ZrO2 nanospheres toward As(III) in the pH 8.0 media and the extremely good
catalytic activity of AuNPs, under the optimum parameters, the sensitivity and the theoretical limit of
detection on the electroanalysis of As(III) were 20.674 A ppb−1 cm−2 and 0.137 ppb, respectively. Moreover, the proposed method has relatively good anti-interference performance. Interesting, the probable
reason for the enhanced sensitivity was tentatively conﬁrmed using X-ray photoelectron spectroscopy
(XPS). Finally, the practicability of the raised method has been preliminarily veriﬁed by the analysis of
As(III) contaminated groundwater.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Arsenic (As), a teratogenic and carcinogenic toxic metalloid, is
widely distributed in the natural environment. Long term drinking or touching As polluted water has great harm to human health
and may prove fatal, such as cardiovascular disease, bloody diarrhea, hyperkeratosis on the palm, skin keratinization, and so on
[1–4]. Reportedly, the toxicity of As(III) is more than 50 times that
of As(V) [5,6]. Because of the real urgency, to develop accurate, reli-
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able, and sensitive methods to detect and monitor ppb or sub-ppb
levels As(III) in natural are therefore extremely important. To date,
many kinds of accurate and robust analytical tools, including atomic
absorption spectrometry (AAS), ion chromatography with mass
spectrometric (IC-MS), atomic ﬂuorescence spectrometry (AFS),
and so on [7–11], have been reported to detect As(III). Because
afore-mentioned methods require ponderous and sophisticated
instruments, longer sample preparation and measurement time,
which are not suitable for rapid on-site monitoring. Meanwhile,
their require well-trained personnel to run the measurements, and
the analysis cost is high. Conversely, electrochemical techniques,
particularly stripping voltammetry, are the most promising tools
for the determination of ultra-trace As(III), owing to their favorable
portability, high sensitivity, low limit of detection, rapid analysis
time, and cheap operating cost [12–14].
Currently, a variety of electrode nanomaterials have been used
as working electrodes for the electroanalysis of As(III), such as

M. Yang et al. / Sensors and Actuators B 255 (2018) 226–234

gold nanoparticles (AuNPs) or Au-based nanomaterials, platinum
nanotube, and metallic oxides [15–18]. Among all of the electrode materials, the Au-based nanomaterials have attracted more
and more concerns on the electroanalysis of As(III), thanks to
their excellent electrocatalytic activity, high hydrogen overvoltage,
robust sensitivity and reversibility [19–21]. For example, Compton et al. [22] using gold nanoparticles for As(III) determination
in 0.1 M HCl media and obtained a limit of detection (LOD) of
0.014 ppb, a sensitivity of 95 A M−1 . Xie et al. [20] detected As(III)
using an gold nanoparticles-graphene oxide nanocomposite ﬁlm
in 0.20 M aqueous HCl and achieved a sensitivity of 12.2 A M−1
with an LOD of 0.20 ppb. Raj et al. [23] determined As(III) on an Au
nanoelectrode ensemble and gained an LOD and a sensitivity are
0.02 ppb and 3.14 ± 0.01 A ppb−1 in 1.0 M HCl buffer electrolyte,
respectively. Using ASV, Wang et al. [24] measured As(III) with Audecorated Te hybrids giving a sensitivity of 6.35 A ppb−1 with an
LOD of 0.0026 ppb in 1.0 M HCl media. Unluckily, most of these high
sensitivity and low detection limits were achieved in strongly acidic
media, which lead to the production of toxic arsine gas and generate H2 , and thus may unfavorable for accurate analysis of As(III).
Furthermore, the majority of groundwater shows nearly neutral or
weak alkaline, a perturbation of the real groundwater sample pH
will change the As(III) speciation equilibria, so it is not conducive
to accurate and reliable detection real water samples contaminated
with As(III) in acidic media. Thus, one of the analytical challenges is
to develop a reliable method to achieve the efﬁcient determination
of As(III) in the nearly groundwater pH condition. Recently, analytical scientists have attempted to measure As(III) in neutral and weak
alkaline conditions. For instance, Salimi et al. [6] determined As(III)
on cobalt oxide nanoparticles modiﬁed glassy carbon electrode in
pH 7.0 phosphate buffer solution (PBS) using cyclic voltammetry,
and obtained a sensitivity of 0.0015 A ppb−1 with an LOD of about
0.825 ppb. Leung’s group [25] studied As(III) detection by SWV at
a FePt NPs deposited on the Si(100) substrate in pH 7.0 PBS giving
an LOD of 0.8 ppb with a sensitivity of 0.42 A ppb−1 . Kumar et al.
[26] measured As(III) in pH 7.4 PBS at zirconia nanocubes modiﬁed
Au electrode by chronoamperometric with an LOD of 5 ppb and a
sensitivity of 0.011 A ppb−1 . Bakker’s group [21] used a renewable gold plated Ir-based microelectrode (Au-IrM) to detect As(III)
using SWASV in pH 8.0 NaNO3 solution, and obtained a sensitivity
of 0.0026 A ppb−1 with an LOD of 0.0375 ppb. Although fruitful
good results have been achieved, to realize the reliable and accurate
electrochemical determination of trace As(III) in real groundwater samples, the sensitivity and LOD need to be further improved.
Another remaining challenge is to improve the anti-interference
performance of the available electrodes on the electroanalysis of
As(III).
Previous studies showed that the electrochemical behavior was
closely related to the adsorption ability of electrode materials
toward target substances in anodic stripping voltammetry [27–29].
Very recently, due to bimetallic oxide nanoparticles abundant
availability and excellent adsorption capacity, which have been
witnessed more interest for As(III) removal and detection [30,31].
Among them, hierarchically porous Ce-Zr binary oxide possessing high surface areas, macro- and mesoporous accessibility, it is
beneﬁcial to the As(III) adsorption as well as rapid diffusion, resulting in an improved adsorption performance [32,33]. Meanwhile,
AuNPs has drawn signiﬁcant attention because of their excellent
catalytic ability, good intrinsic conductivity, and electronic properties, which has a wide range of practical applications in some
important ﬁelds, such as catalysis, fuel cells, sensors, and electrochemical detection [34–37]. Therefore, it can be predicted that a
breakthrough achievement may be obtained on the electroanalysis
of As(III) using AuNPs/CeO2 -ZrO2 nanocomposite.
Herein, combined the robust adsorption capacity of hierarchically porous CeO2 -ZrO2 nanospheres with the outstanding
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electrocatalytic ability of AuNPs, we attempted to study the electrochemical performance of As(III) in the nearly groundwater pH on
a sensing interface constructed by AuNPs/CeO2 -ZrO2 nanocomposite. Taking into account the complicated components of real water
samples, a series of interference tests were investigated in detail.
Also, the stability and reproducibility of the present electrode were
studied.
2. Experimental
2.1. Electrode fabrication
The preparation of the AuNPs/CeO2 -ZrO2 nanocomposite, materials, and instruments as shown in Appendix A. Supplementary
data.
The detailed process of fabricating sensing interface is as follows: 20 mg AuNPs/CeO2 -ZrO2 nanocomposite was added to the
0.54 mL ultrapure water mixed with 0.06 mL 5% w/w Naﬁon solution, and then ultrasonic treatment for 10 min to obtain a uniformly
dispersed solution. Before the electrode modiﬁcation, the GCE was
cleaned using 0.3 and 0.05 m ␣-Al2 O3 powder, and then ultrasonic
cleaned sequentially with 1:1 HNO3 , ethanol, and ultrapure water.
Finally, 6 L homogeneous dispersion solution of AuNPs/CeO2 ZrO2 nanocomposite was dropped onto the surface of a clean GCE,
which was dried in the natural environment for future use. AuNPs
modiﬁed GCE was prepared with the similar procedure.
2.2. Electrochemical measurements
The electrochemical behavior under optimized conditions was
observed with SWASV. As(III) was pre-concentration at a potential of −1.1 V for 150 s at pH 8.0 HAc-NaAc solution (0.1 M). The
oxidation of As(0) to As(III) (anodic stripping current) was carried
out at the scope of potential as −0.60–0.10 V. After each measurement, the modiﬁed electrodes were regenerated by immersing into
another fresh HAc-NaAc solution under stirring at 0.9 V for 120 s.
2.3. Adsorption test of As(III)
As(III) adsorption experiments were performed on a sorbent
loading of 1.0 mg mL−1 at pH 8.0 HAc-NaAc solution. Typically, the
as-prepared AuNPs/CeO2 -ZrO2 nanocomposite (15 mg) was added
to 15 mL As(III) solution (concentration 30 mg L−1 ), and then shake
it at 220 rpm for 150 s. The adsorption of As(III) samples were
cleaned with ultrapure water for 2 times by centrifugation. Finally,
the gained samples were dried at vacuum freezer for 24 h for further
XPS experiment.
3. Results and discussion
3.1. Characterization of the AuNPs/CeO2 -ZrO2 nanocomposite
Fig. 1a shows the typical SEM and TEM images (inset) of
the CeO2 -ZrO2 nanospheres, as seen, the obtained CeO2 -ZrO2
nanocrystals present monodisperse, uniform nanospheres, porous
structure, and the outer diameter about 90 nm. Fig. 1b shows
the typical SEM image of the as-prepared AuNPs/CeO2 -ZrO2
nanocomposite, with a detailed observation, the relatively bright
spots dispersed on the surface of CeO2 -ZrO2 nanospheres are Au
nanoparticles. The structure and morphology of AuNPs/CeO2 -ZrO2
nanocomposite was further conﬁrmed by TEM (Fig. 1c and inset
in Fig. 1b), and AuNPs (relatively black spots) distributed over
porous CeO2 -ZrO2 nanocrystal can be clearly seen. The SAED pattern (upper right inset in Fig. 1c) of one typical AuNPs/CeO2 -ZrO2
nanocomposite exhibits neither obvious circle nor dots, indicat-
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Fig. 1. (a) and (b) SEM images of the CeO2 -ZrO2 and AuNPs/CeO2 -ZrO2 nanocomposite, respectively. Inset in Fig. 1a and b are TEM images of CeO2 -ZrO2 nanospheres
and AuNPs/CeO2 -ZrO2 nanocomposite, respectively. (c) TEM image of AuNPs/CeO2 -ZrO2 nanocomposite and the particle size distribution of AuNPs at AuNPs/CeO2 -ZrO2
nanocomposite (lower right inset). Inset in Fig. 1c (upper right) is corresponding SAED pattern. (d) N2 sorption isotherms and pore size distribution (inset) of the AuNPs/CeO2 ZrO2 nanocomposite. (e) and (f) EDS and XPS spectra of the AuNPs/CeO2 -ZrO2 nanocomposite, respectively. Inset in Fig. 1e is the calculation of the element content (atomic%)
in the AuNPs/CeO2 -ZrO2 nanocomposite. Scale bar, (a) and (b) 200 nm, inset in (a) and (b) 20 nm, (c) 50 nm.

ing amorphous structure of the CeO2 -ZrO2 nanospheres. Inset in
Fig. 1c (lower right) shows the particle size distribution of AuNPs
at AuNPs/CeO2 -ZrO2 nanocomposite, and the diameters of AuNPs
are mainly about 9–13 nm. In addition, N2 adsorption-desorption
isotherms and pore size distribution (inset) of the AuNPs/CeO2 ZrO2 nanocomposite were studied, and the result was presented in
Fig. 1d. As seen, the isotherm is of type IV with a distinct hysteresis loop (P/P0 > 0.4), suggesting the presence of mesopores [32,38].
Moreover, the Barret-Joyner-Halenda (BJH) pore size distribution
proﬁle (inset in Fig. 1d) exhibits broadly distributed pore sizes in the
AuNPs/CeO2 -ZrO2 nanocomposite, indicating the existence of both
mesopores (2–50 nm) and macropores (>50 nm) [39]. The chemical
composition of the obtained sample has been veriﬁed by EDS and
XPS (Fig. 1e–f). Clearly, the atomic ratio of Ce/Zr (about 3.09) was
close to the original ratio of reactant (about 3.33) (Inset in Fig. 1e),
and the amount of Au is only about 1.17 at.% in AuNPs/CeO2 -ZrO2
nanocomposite. The full XPS spectrum (Fig. 1f) reveal the presence of cerium, zirconium, oxygen, and gold at 883.98, 182.28,
531.66, and 83.48 eV corresponding to the Ce3d, Zr3d, O1s, and
Au4f, respectively. Furthermore, Fig. S1 depicts the XRD pattern

of the AuNPs/CeO2 -ZrO2 nanocomposite, it was mainly indexed
as pure face centered cubic phase, but has an amorphous nature
[40], the date is well agreement with the result of SAED. These
results indicated that AuNPs/CeO2 -ZrO2 nanocomposite has been
successfully prepared. We are expected that the AuNPs/CeO2 -ZrO2
nanocomposite can be used for the efﬁcient detection of As(III).
3.2. Electrochemical characterization of the AuNPs/CeO2 -ZrO2
nanocomposite
The CV of the bare GCE, CeO2 -ZrO2 , AuNPs, and AuNPs/CeO2 ZrO2 modiﬁed GCE were investigated in 5 mM Fe(CN)6 3−/4− with
0.1 M KCl solution, respectively, and presented in Fig. S2a. As seen,
relative to the bare GCE, the peak current was signiﬁcantly decrease
at the CeO2 -ZrO2 modiﬁed GCE (CeO2 -ZrO2 /GCE), suggesting the
presence of CeO2 -ZrO2 on the surface of GCE can slow the electron
transfer because of the poor electrical conductivity. However, larger
anodic and cathodic peaks can be obtained at AuNPs/CeO2 -ZrO2
modiﬁed GCE (AuNPs/CeO2 -ZrO2 /GCE), which could be attributed
to the good conductivity of AuNPs. The CeO2 -ZrO2 nanospheres are
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covered with AuNPs, part of the conductive pathways are formed
by interconnected AuNPs, some of electrons are transferred from
the electrode to the particles away from the electrode surface
through the interconnect of AuNPs [41]. Thus, one of the reasons
for the enhancement electrochemical signal of AuNPs/CeO2 -ZrO2
nanocomposite is due to the introduction of good conductive AuNPs
to form part of the conductive pathways. In addition, another
reason for the improved electrochemical signal may be from the
CeO2 -ZrO2 doped by the charges transferred from AuNPs. More
research and experimental evidence are needed to explain this
in the future work. The properties of the sensing interface of the
different modiﬁed GCE are further examined by using electrochemical impedance spectroscopy (EIS) (Fig. S2b). As seen, compared
with the CeO2 -ZrO2 /GCE, a smaller electron transfer resistance of
AuNPs/CeO2 -ZrO2 nanocomposite modiﬁed GCE can be observed,
the result indicated that AuNPs/CeO2 -ZrO2 nanocomposite could
promote the electron transfer process owing to the introduction
of excellent electrical conductivity AuNPs. The EIS result is well
consistent with the CV data.
3.3. Electroanalysis of As(III)
To obtain the best electrochemical performance for trace As(III)
detection at AuNPs/CeO2 -ZrO2 modiﬁed electrode, the experimental conditions (electrolyte, pH, preconcentration time, and
deposition potential) were ﬁrst optimized and showed in Fig. S3
for more detail. Moreover, in order to reasonably compare the sensitivity of As(III) detection with different electrodes, we considered
the effect of the active area on the sensitivity, and the current
density (j) was chosen. Electrochemical behavior of the bare Au
electrode, AuNPs and AuNPs/CeO2 -ZrO2 nanocomposite modiﬁed
GCE in 0.5 M H2 SO4 was applied to estimate the active areas of
the different modiﬁed electrode (Fig. S4). Supposing that a certain
charge of 386 C cm−2 is demanded for reduction of an Au oxide
monolayer [42–44], through calculation, the active areas of bare Au
electrode, AuNPs and AuNPs/CeO2 -ZrO2 nanocomposite modiﬁed
GCE are about 0.0305, 0.0623 and 0.0472 cm2 , respectively.
Under the optimized experimental conditions, SWASV measurements of As(III) were performed using bare Au electrode,
AuNPs and AuNPs/CeO2 -ZrO2 nanocomposite modiﬁed GCE,
respectively. Fig. 2a presents the SWASV voltammograms for
the AuNPs/CeO2 -ZrO2 /GCE toward different As(III) concentrations.
Clearly, well-deﬁned anodic stripping peaks caused by the oxidation of As(0) to As(III) were obtained at a potential about
−0.23 V vs Ag/AgCl. The dynamic range of the calibration curve
for the 0.5–15 ppb As(III), Y (A cm−2 ) = −0.132 + 20.674X (ppb)
(the correlation coefﬁcient (R2 ) of 0.999), was shown in Fig. 2b.
A sensitivity of 20.674 A ppb−1 cm−2 was gained from the above
calibration plot, and the theoretical LOD was 0.137 ppb by calculation (3 method). The LOD is far below the standard value
(≤10 ppb) of As(III) in drinking water as stipulated by the WHO,
indicating that the AuNPs/CeO2 -ZrO2 nanocomposite as a sensing material has potential application for electroanalysis of As(III)
in related samples. To obtain the rational result, also, Fig. 2b
(columns) shows the corresponding peak area of different concentration of As(III) (integrating range: −0.39 to −0.15 V). As observed,
the peak area increases with the increase of As(III) concentration, the result is well consistent with the stripping current of
As(III). To conﬁrm the enhanced electrochemical performance of
AuNPs/CeO2 -ZrO2 nanocomposite toward As(III), AuNPs/GCE was
also applied to detect As(III). Fig. 2c–d show the SWASV curves
and the corresponding calibration linear relationship with the
As(III) concentration range of 3–30 ppb (R2 = 0.995), respectively,
and giving a sensitivity of 2.278 A ppb−1 cm−2 with an LOD of
1.453 ppb (3 method). Meanwhile, a similar test was carried out
on a bare Au electrode toward As(III), and the result presented
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in Fig. S5. The oxidation peak current of As(0) to As(III) was linear with As(III) concentration (10–100 ppb) (R2 = 0.992) obtain a
sensitivity of 0.708 A ppb−1 cm−2 with an LOD of 9.138 ppb (3
method). The electrochemical performance of bare commercial
Au electrode, AuNPs and AuNPs/CeO2 -ZrO2 modiﬁed GCE toward
As(III), including sensitivity and LOD, was systematically compared
(Fig. S6). Obviously, the AuNPs/CeO2 -ZrO2 nanocomposite modiﬁed GCE shows the best sensing performance on the electroanalysis
of As(III) (highest sensitivity and lowest LOD), the improved electrochemical behavior should be attribute to the strong adsorption
capacity of hierarchically porous CeO2 -ZrO2 nanospheres and the
excellent electrocatalytic ability of small size AuNPs. The probable detection strategy of AuNPs/CeO2 -ZrO2 /GCE toward As(III) as
follows, the As(III) is adsorbed on the hierarchically porous CeO2 ZrO2 nanospheres surface ﬁrstly, and then the redox of As(III) would
be occurs directly in suit on the surface of the AuNPs, which distribute on the CeO2 -ZrO2 nanospheres, so the strong stripping peak
of As(III) and high sensitive can be obtained on the AuNPs/CeO2 ZrO2 nanocomposite modiﬁed electrode. In addition, a comparison
of different electrochemical methods (by using Au-based working electrodes) for the detection of As(III) was clearly presented
in Table 1, suggesting that the AuNPs/CeO2 -ZrO2 /GCE has superior analytical performance toward As(III) in nearly natural water
pH. The strengthened electrochemical performance based on the
efﬁcient adsorption was demonstrated by the following XPS tests.
3.4. Preliminary exploration probable mechanism of improved
stripping signal
The more target analyte preconcentration on the electrode surface, the higher sensitive would be achieved in anodic stripping
analysis, so the effective absorb and preconcentration of the analyte
onto a modiﬁed electrode surface is therefore extremely important. To veriﬁed the possible mechanism of excellent voltammetric
behavior, the adsorption experiments were done at different pH
solution. We are tried to seek the relationship of the electrochemical signal and the amount of adsorbed As(III) using XPS.
In the full spectrum (Fig. 3a), the XPS survey spectra of As(III)
adsorbed on AuNPs/CeO2 -ZrO2 nanocomposite at different pH
media show the presence of cerium, zirconium, oxygen, gold, and
arsenic at about 883.98, 182.28, 531.66, 83.48 eV, and 44.25 eV corresponding to the Ce3d, Zr3d, O1s, Au4f, and As3d, respectively,
the results indicated that As(III) has been successfully adsorbed
onto AuNPs/CeO2 -ZrO2 nanocomposite. The corresponding highresolution XPS spectra of As3d adsorbed on AuNPs/CeO2 -ZrO2
nanocomposite at pH 6.0, 8.0, and 10.0 media was presented
in Fig. 3b, respectively. It is obvious that the intensity of As3d
on AuNPs/CeO2 -ZrO2 nanocomposite at pH 8.0 media is highly
stronger than that at pH 6.0 and 10.0 media. The adsorption capacity
of AuNPs/CeO2 -ZrO2 nanocomposite at different pH value solution
decrease in the order of pH 8.0 > pH 6.0 > pH 10.0, and the atomic
ratio of As to Ce (inset of Fig. 3b) follows the decreasing order of pH
8.0 (12.69%) > pH 6.0 (6.74%) > pH 10.0 (4.81%), which conﬁrm the
strong adsorption ability of AuNPs/CeO2 -ZrO2 nanocomposite at
pH 8.0 media, the result of adsorption measurement is well agreement with the electrochemical sensing performance (Fig. S4b).
The excellent adsorption capacity is attributed to the abundant
surface hydroxyl groups of CeO2 -ZrO2 bimetallic nanoparticles,
which provides available adsorption sites for ligand exchange with
As(III) [32,48]. In addition, the solution pH has an inﬂuence on
As(III) adsorption on the AuNPs/CeO2 -ZrO2 nanocomposite. The
large adsorption capacity of As(III) obtained in weakly alkaline
conditions (pH ∼8.0). The reason is that neutral H3 AsO3 is the
dominant As(III) species at pH ∼8.0 media, which is beneﬁcial to
substituting water molecules or hydroxyl ions [32,49]. Furthermore, the adsorption of As(III) by AuNPs in different pH media was
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Fig. 2. Typical SWASV responses of (a) AuNPs/CeO2 -ZrO2 /GCE and (c) AuNPs/GCE toward As(III) at pH 8.0 HAc-NaAc buffer solution (0.1 M), respectively. (b) and (d) The
corresponding linear equation of the stripping current (squares) and As(III) concentration. The columns represent the corresponding peak area of different concentration of
As(III). Deposition potential, −1.1 V; deposition time, 150 s. The dotted line is baseline.
Table 1
A comparison of the analytical performance of the AuNPs/CeO2 -ZrO2 nanocomposite toward As(III) with others reported in nearly natural water pH.
Electrodes

Electrolyte (pH)

Technique

LDR (ppb)

LOD (ppb)

Sensitivity (A ppb−1 )

Ref.

CoOx NPs/GCE
FePt NPs
MEA-Au electrode
Au-CRV/GCE
ZrO2 /Naﬁon/Au electrode
Au-IrM
Gold microwire electrode
AuNPs/CeO2 -ZrO2 /GCE

PBS (pH 7.0)
0.01 M PBS (pH 7.0)
PBS (pH 7.0)
PBS (pH 7.0)
0.1 M PBS (pH 7.4)
0.01 M NaNO3 (pH 8.0)
0.1 M NaOH + 0.01 M NaCl (pH 8.5)
HAc-NaAc (pH 8.0, 0.1 M)

CV
SWV
DPASV
DPASV
Chronoamp-erometry
SWASV
ASC
SWASV

0–3750
1–5
0.2–12
300–3000
5–60
0.75–3.75
0.75–7.5
0.5–15

0.825
0.8
0.02
15
5
0.0375
0.015
0.137

0.0015
0.42
0.0643
0.00075
0.011
0.0026
0.0011
0.976

[6]
[25]
[45]
[46]
[26]
[21]
[47]
This work

Note: LDR, Linear detection range; LOD, Limit of detection; FePt NPs, FePt nanoparticles; MEA, Mercaptoethylamine; CRV, Crystal viole; Au-IrM, gold plated Ir-based
microelectrode; AuNPs, Gold nanoparticles.

studied, and the XPS results of the AuNPs/CeO2 -ZrO2 and AuNPs
for As(III) adsorption were compared (Fig. S7). As observed, very
few As(III) was adsorbed on AuNPs in different pH conditions (Fig.
S7b), and the adsorption of As(III) by AuNPs/CeO2 -ZrO2 is much
higher than that of AuNPs (Fig. S7c), which indicates that CeO2 ZrO2 has excellent adsorption ability toward As(III). Due to the
efﬁcient adsorption of AuNPs/CeO2 -ZrO2 nanocomposite toward
As(III) at pH 8.0 media, which employed as sensing materials could
be sensitive electroanalisis of As(III) under the range of natural pH
condition.

3.5. Interference measurements
Due to the component of the real samples complicated (contains various heavy metal ions and organic compounds), the
electroanalysis of As(III) with interference-free in environmental
groundwater is a meaningful work. Cu(II) exhibits the serious inﬂuence on the electrochemical measurement of As(III) as
reported previously [16,20]. Hence, the analytical performance of
AuNPs/CeO2 -ZrO2 /GCE on electroanalysis of As(III) was studied in
detail in the existence of Cu(II). The inﬂuence of Cu(II) on the
sensitivity of the AuNPs/CeO2 -ZrO2 /GCE toward As(III) was inves-

tigated ﬁrstly and showed in Fig. 4a. The obtained sensitivity of
19.724 A ppb−1 cm−2 (inset in Fig. 4a) over the concentration of
As(III) (1–10 ppb) containing 50 ppb Cu(II). Compared with the
without Cu(II) (20.674 A ppb−1 cm−2 ), even though the shape of
the stripping peak has a slightly ﬂuctuate, the sensitivity (decreased
only about 4.82%) and peak position have no obvious change. In
addition, Fig. 4b shows the electrochemical signals obtained at
AuNPs/CeO2 -ZrO2 /GCE toward 6 ppb As(III) with 3–30 ppb Cu(II).
As observed, the stripping peak of As(III) only a little variation, and
the peak current maximum changed about 4.14% (30 ppb Cu(II)
present), the RSD of the peak current and peak area about 3.67%
and 4.51%, respectively. These results indicated that the proposed
method can strongly tolerate Cu(II) interference on the determination of As(III). The possible reason is that the AuNPs/CeO2 -ZrO2
modiﬁed electrode surface does not tend to form intermetallic compounds, such as Cu3 As2 [13,19].
As shown in Fig. 5, the interference of other commonly coexisting substances, such as cations, anions, and humic acid (HA), on
the electroanalysis of As(III) was also studied. As observed, 50 ppb
As(V) has no signiﬁcant interference for the detection of As(III).
The reasons may be that As(V) is difﬁcult to undergo redox reactions on the AuNPs/CeO2 -ZrO2 /GCE, and the adsorption capacity of
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Fig. 3. (a) XPS spectra and (b) high-resolution XPS spectra of As3d signature region
for AuNPs/CeO2 -ZrO2 nanocomposite after As(III) absorption at pH 6.0, 8.0, and 10.0
HAc-NaAc buffer solution (0.1 M), respectively.

AuNPs/CeO2 -ZrO2 nanocomposite to As(V) is much less than that
of As(III) in pH 8.0 media. H2 AsO4 − and HAsO4 2− are the dominant As(V) species in pH 8.0 condition, and the surface sites of
AuNPs/CeO2 -ZrO2 nanocomposite with partial negatively charged,
so one reason for the weak adsorption capacity toward As(V) is
due to electrostatic repulsion effect [31,32,50]. 50 ppb of other
ions has not much effect on the stripping peak current (changed
about 1.61%–7.89%) and peak area (changed about 2.41%–8.53%)
of 10 ppb As(III), indicating that the sensing interface constructed
by AuNPs/CeO2 -ZrO2 nanocomposite has strong anti-interference
ability. Fig. S8 shows the interference of HA for As(III) detection. Since HA is easy to be adsorbed onto the electrode surface,
which affect the preconcentration of As(III) and electrons transfer,
so the detection of As(III) is severely affected by HA [51]. Fortunately, because of HA easily interact with Fe(III), the amount of
HA adsorbed on the surface of the AuNPs/CeO2 -ZrO2 nanocomposite modiﬁed electrode is reduced greatly by the addition of Fe(III),
as shown in Fig. S8, the interference is largely eliminated in the
presence of an appropriate amount of Fe(III) [52].
3.6. Stability and reproducibility
Stability and reproducibility are important indexes to evaluate the quality of the proposed method, which play decisive role
whether the present electrode can be applied to the practical application very well. Thus, the stability of the AuNPs/CeO2 -ZrO2 /GCE

231

Fig. 4. (a) SWASV responses of the AuNPs/CeO2 -ZrO2 /GCE toward As(III) with different concentrations (containing 50 ppb Cu(II)) in pH 8.0 HAc-NaAc solution (0.1 M).
Inset is the linear regression of current and different concentration As(III). (b) SWASV
responses of the AuNPs/CeO2 -ZrO2 /GCE toward 6 ppb As(III) (different concentrations of Cu(II)) in pH 8.0 HAc-NaAc solution (0.1 M). Measurement conditions are
consistent with Fig. 2. The dotted line is baseline.

Fig. 5. Studies on the effect of different substances (including 50 ppb each various
heavy metal ions and HA) on the peak current (square) and area (column: integration
interval: −0.39 to −0.15 V) on the detection of 15 ppb As(III), respectively.

toward As(III) with different concentration was studied ﬁrstly.
As shown in Fig. 6a, the relative standard deviation (RSD) of the
repeated analysis of 2, 5, 10, and 15 ppb As(III) 15 times on the same
modiﬁed electrode was about 3.87, 3.04, 2.56, and 2.08%, respectively. Also, the reproducibility of the modiﬁed electrode toward
10 ppb As(III) was demonstrated. Fig. 6b shows the result of the
reproducibility of the same electrode modiﬁed 10 times, the RSD of
the stripping current and the corresponding peak area was about
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Fig. 7. Typical SWASV signals on electroanalysis of As(III) in real sample (diluted
with pH 8.0, 0.1 M HAc-NaAc solution (1:14)). Inset is a linear ﬁtting of stripping current and As(III) concentration. Experimental parameters are consistent with Fig. 2.
The red line is the stripping signal of As(III) in the original real sample. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to
the web version of this article.)

Table 2
Recovery tests for electroanalysis of As(III) in real samples (n = 3) using SWASV (ppb).

Fig. 6. (a) Stability experiments of the AuNPs/CeO2 -ZrO2 /GCE toward 2, 5, 10, and
15 ppb As(III) repeatedly at pH 8.0 HAc-NaAc buffer solution (0.1 M), respectively.
(b) Reproducibility studies of the same GCE modiﬁed ten times analysis of 10 ppb
As(III) (No. E1–E10). Testing conditions are agreement with Fig. 2.

3.68% and 4.17%, respectively. Meanwhile, As(III) stripping voltammetry signals of the 10 times reproducibility experiments were
presented in inset in Fig. 6b, as seen, the peak potential was almost
no change. These results show that the constructed sensing interface has good stability and reproducibility, so AuNPs/CeO2 -ZrO2
nanocomposite modiﬁed GCE has the ability to analyze the real
water samples.

Sample

Added

Found by SWASV

Recove-ry (%)

RSD (%)

Reservoir water

1.00
3.00
5.00
1.00
3.00
5.00

0.987 ± 0.041
3.129 ± 0.105
4.876 ± 0.172
1.032 ± 0.038
2.896 ± 0.124
5.193 ± 0.161

98.70
104.30
97.52
103.20
96.53
103.82

4.15
3.36
3.53
3.68
4.28
3.10

Tap water

To further conﬁrm the reliability of the raised method for the
analysis of As(III) in real samples, recovery experiments were
performed in Dongpu reservoir and tap water (adding different
amounts of As(III) ﬁrstly). As shown in Table 2, the got recoveries
were between 96.53% and 104.30%, revealing that AuNPs/CeO2 ZrO2 modiﬁed GCE possess great potential capability for practical
applications.

3.7. Real sample analysis

4. Conclusion

The ultimate goal of the proposed analytical method is to realize As(III) detection in real samples. Therefore, AuNPs/CeO2 -ZrO2
modiﬁed GCE was applied to analyze the groundwater containing
As(III) (Guan Di Ying Village, Inner Mongolia) by standard addition
method. Because of the high amount of As(III), the groundwater
was diluted with pH 8.0 HAc-NaAc buffer solution (1:14). Prior to
the addition of As(III), the blank groundwater was measured using
SWASV, a clear stripping signal was seen (red line in Fig. 7), indicating that groundwater containing As(III) was detected. As observed
from Fig. 7, with the increasing concentration of As(III) continuously, peak current was almost linearly increased, and the achieved
liner regression equation was Y (A cm−2 ) = 91.518 + 19.057 X
(ppb) (R2 = 0.997) (inset in Fig. 7). By calculation, the real water
sample contain As(III) about 72.03 ppb. Furthermore, ICP-MS was
applied to detect the content of As in real sample, measurement
result was approximately 80.64 ppb (total As). The measurement
results of the two analytic methods were compared, some deviation was observed. The reason is that there are As(V) and a little
organic arsenic in the groundwater, and this platform cannot be
applied to the analysis of As(V) and organic arsenic.

In summary, the sensing interface was constructed by using
AuNPs/CeO2 -ZrO2 nanocomposite modiﬁed GCE, which has been
served to the electroanalysis of trace As(III) in approximately original pH (∼8.0) of natural groundwater. Investigation results show
that AuNPs/CeO2 -ZrO2 nanocomposite modiﬁed electrode GCE has
better sensing performance than the commercial bare Au electrode
and AuNPs modiﬁed GCE. The main probable reasons are attributed
to the high adsorption capacity of CeO2 -ZrO2 nanospheres toward
As(III) in the pH 8.0 media, the excellent catalytic activity of AuNPs,
and the redox reaction of As(III) is directly carried out on the surface
of AuNPs, which is attached to the CeO2 -ZrO2 nanospheres. Most
of the coexisting substances without signiﬁcant interference on
the electroanalysis of As(III). In addition, the constructed electrode
possesses excellent stability and reproducibility. Therefore, the
AuNPs/CeO2 -ZrO2 nanocomposite modiﬁed GCE has great potential for on-line monitoring of As(III) polluted water. We believe
that the research results of this work can open new insight for
the design of novel sensing interface, which will realize the in-suit
sensitive, accurate, and interference-free electroanalysis of other
harmful heavy metal ions in the original pH of natural water.
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