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ABSTRACT: It has been reported that the majority of groundwater shows weak
alkaline in which the As(III) species would be present as neutral H3AsO3 species
and ionized H2AsO3− species. However, as most reported previously, electrochemical detection of As(III) has been operated under acidic conditions and the
nonionic As(III) (H3AsO3) is the dominant species. Therefore, considering the
change of As(III) speciation in diﬀerent pH conditions, to develop a reliable
method for the detection of As(III) in alkaline media might be more meaningful
for practical applications. Here, combined the multilayer adsorption of nanorodlike α-MnO2 with the excellent electrocatalytic ability of ∼5 nm Au nanoparticles
(AuNPs), an eﬃcient and ultrahigh anti-interference electrochemical detection of
As(III) with AuNPs/α-MnO2 nanocomposite in alkaline media (nearly real water
environment) was developed. Notably, we have provided a thorough electrochemical analytical investigation to conﬁrm the
advantage of As(III) detection in alkaline media. The system was evaluated by a series of interference tests, and no obvious
interference from commonly coexisting substances (referring to the groundwater, Togtoh region, Inner Mongolia, China) was
observed in alkaline media. Furthermore, electrodes robust stability and excellent reproducibility were obtained. Under the
optimized conditions, the limit of detection (3σ method) toward As(III) was 0.019 ppb, and the obtained sensitivity was 16.268
± 0.242 μA ppb−1 cm−2. Finally, the proposed method has been successfully employed for detection of As(III) in a real water
sample.

A

further increased to 12.0, ionized As(III) species AsO33−
emerged.14,15 In general, the environment of the groundwater
is weakly alkaline, the ionized As(III) species (H2AsO3−) and
nonionic arsenic (H3AsO3) are the dominant species.16,17
Diﬀerent analytical tools have been successfully used for
As(III) detection.18−22 These methods have been shown to be
robust and reliable in proﬁciency tests. Among them, the lowcost electrochemical method, particularly stripping voltammetry, is one of a popular tool for the detection of As(III).23−25
Often, various modiﬁed working electrodes have been
investigated for stripping voltammetry determination of As(III),
such as platinum disk electrode,26 platinum nanoparticle
modiﬁed GCE,27 platinum-nanotube array electrodes,28 silver
electrode,29 gold microdisk electrode,30 gold microwire
electrode,17 gold ultramicroelectrode array,31 gold ﬁlm,32 gold
nanoelectrode ensemble,33 AuNPs modiﬁed electrodes,25,34−36
Fe3O4-RTIL composite modiﬁed screen printed carbon
electrode,37 AuNPs/Fe3O4 composite modiﬁed GCE,38 mesoporous MnFe2O4 nanocrystal clusters modiﬁed gold electrode,39 iridium oxide modiﬁed boron doped diamond

rsenic (As) is considered to be one of the most
carcinogenic and toxic element that exists in earth’s
crust and groundwater. Long-term exposure to arsenic
contaminated water can lead to serious health problems,
including atherosclerosis, hyperkeratosis, irregular heartbeat,
and diﬀerent forms of skin cancers.1−4 Arsenic exists in the
oxidation states of As(V), As(III), As(0), and As(−III).5,6 The
trivalent oxidation state of arsenic is not stable and can be
oxidized to pentavalent arsenic.7−9 To date, many methods for
the preservation of arsenic species, and a variety of on-site
detection techniques for the determination of As(V) and
As(III) species, such as high-performance liquid chromatography-inductive coupling plasma mass spectrometry (HPLCICPMS), HPLC atomic ﬂuorescence spectrometry (HPLCAFS), colorimetric Au nanoparticle probe, have been
developed.10−13 However, it seems that a truth was ignored
during the measurements arsenic with electrochemical method,
i.e., the speciation of arsenic is diﬀerent at diﬀerent pH values,
which would be aﬀect the accurate detection of arsenic. For the
relatively strong toxic As(III), the nonionic arsenic (H3AsO3) is
the dominant species at the pH below 7.0. When the pH higher
than 7.0, ionized As(III) species H2AsO3− begin to form (very
little at pH 7.0−8.0) and increased gradually with the increase
of pH value. When the pH value reached 10.0, the ionized
As(III) species HAsO32− was formed. When the pH value
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electrode,40 and so on. The above electroanalysis methods are
performed in acidic media. When the real water sample (weak
alkaline) is added to the acidic electrolyte, which could suﬀer
the problem changing the As(III) speciation (from the ionized
H2AsO3− species to nonionic H3AsO3), so it is not beneﬁcial to
accurate detection real water samples contaminated with
As(III) in acidic media. Meanwhile, the stability of some
metal oxides as electrode materials in acidic media has been
questioned. Furthermore, the majority of electrodes rely on
strongly acidic media, and this can cause the problems of
making AsH3 a gas and bringing interference from H 2
evolution. Importantly, the other major problem is the
interference from some commonly coexisting ions, in particular
Cu(II). Hence, analytical challenge for As(III) determination in
comparison to real water environment is to seek a reliable
platform to realizing the sensitive detection of As(III) without
interference in nonacidic conditions.
Some researchers have tried to detect As(III) in neutral
media currently. For example, cobalt oxide nanoparticles
modiﬁed GCE (PBS with pH 7.0),41 mercaptoethylamine
modiﬁed Au electrode (0.1 M PB aqueous solution at pH
7.0),42 nano Au-crystal violet ﬁlm modiﬁed GCE (0.05 M PBS
of pH 7.0).43 Meanwhile, a few of As(III) detection in alkaline
media were also reported, such as, Bakker et al.22 reported a
renewable gold plated Ir-based microelectrode (Au-IrM) to
determine As(III) in 0.01 M NaNO3 buﬀer solution at pH 8.0
and obtained an LOD of 0.0375 ppb with a sensitivity of 0.0026
μA ppb−1. Salaün et al.15 used a gold microwire electrode to
determine As(III) by ASC (anodic stripping chronopotentiometry) in purged seawater at pH ∼8.5 and obtained an LOD
of 0.015 ppb with a sensitivity of 0.0011 μA ppb−1. Wu et al.44
prepared MnOx/AuNPs composite ﬁlm modiﬁed GCE by
electrodeposition for As(III) determination in 0.1 M carbonate
buﬀer (pH 10.0) by LS-ASV with an LOD of 0.05 ppb and a
sensitivity of 0.1931 μA ppb−1. Despite that these work have
made big progress on the detection of As(III) in alkaline media,
very few discussion on the change of As(III) speciation at
diﬀerent pH media was reported on the one hand, and on the
other hand, electrochemical behaviors and interference
measurements on the determination of As(III) have not been
systematically and thoroughly investigated at diﬀerent pH
media. Also seldom studies have also explored the possible
mechanism of As(III) detection in alkaline media.
Recently, metallic oxide nanocrystals have received much
attention for arsenic detection and removal for excellent
adsorption ability and abundant availability.37,45,46 α-Manganese oxide (α-MnO2) as a low-cost, high activity in neutral or
alkaline media, high speciﬁc surface areas, environmentally
friendly, abundant availability, better adsorption ability, and
easy-prepared material, which has been widely used in
electrochemical sensing.47−49 Furthermore, gold nanoparticles
(AuNPs), especially its size less than 10 nm, have recently
attracted considerable scientiﬁc attention, since they have
excellent catalytic ability, good intrinsic conductivity, optical,
and electronic properties, which have been extensively studied
for practical applications in many ﬁelds such as catalysis,
nanodevices, and electroanalysis.50−53
In the present work, based on the concept of adsorbentassisted in situ electrocatalysis reported previously by our
group,54 a sensing interface for reliable detection of ultratrace
As(III) in alkaline media is designed and constructed by ∼5 nm
AuNPs decorated nanorod-like α-MnO2. Here, AuNPs not only
can be used for the catalytic redox of As(III) in situ but also

provide the conduction pathways for electron transfer.
Adsorption isotherms and X-ray photoelectron spectroscopy
(XPS) measurements further conﬁrmed that the adsorption of
As(III) onto the AuNPs/α-MnO2 nanocomposite is multilayer
adsorption, and the higher adsorption capacity can be obtained
in alkaline media (pH 9.0). The proposed method allowed
reliable, sensitive, and ultrahigh anti-interference detection of
As(III) in alkaline media (pH 9.0) by square wave anodic
stripping voltammetry (SWASV). Relative to the detection in
acidic media (pH 5.0), the AuNPs/α-MnO2 nanocomposite
exhibits enhanced electrochemical performance toward As(III)
in alkaline media (pH 9.0). Encouragingly, the method was
successfully applied in a real water sample.

■

EXPERIMENTAL SECTION

Fabrication of AuNPs/α-MnO2 Nanocomposite Modiﬁed Glassy Carbon Electrode. The preparation of nanorodlike α-MnO2, AuNPs, and AuNPs/α-MnO2 nanocomposite
were shown in Supporting Information. The construction of
AuNPs/α-MnO2 nanocomposite modiﬁed GCE was performed
as follows: AuNPs/α-MnO2 (10 mg) was dissolved in 1 mL of
ultrahigh purity water and sonicated for 15 min to obtain
homogeneous suspension. Prior to modiﬁcation, bare GCE
(diameter of 3 mm) was polished with 1.0, 0.3, and 0.05 μm of
alumina powder, respectively. To remove adsorbed substances,
the electrode was sonicated with 1:1 HNO3 solution, ethanol,
and deionized water sequentially for 1 min. Finally, a 4 μL
aliquot of this suspension was pipetted onto GCE, and the
modiﬁed electrode was dry at room temperature. For
comparison, AuNPs modiﬁed GCE was prepared with the
same process.
Electrochemical Experiments. The electrochemical behavior under optimized conditions was observed with SWASV.
As(III) was deposited at the potential of −1.0 V for 150 s at pH
9.0 Na2CO3−NaHCO3 buﬀer solution (0.1 M). The anodic
stripping (reoxidation of As(0) to As(III)) of the electrodeposited As(0) was performed in the potential range of −0.7
to 0.0 V. To eliminate memory eﬀect on the detection of
As(III), after each measurement, the modiﬁed electrodes were
regenerated by immersing into fresh buﬀer solution for 3 times
under stirring at 0.8 V for 80 s.
As(III) Adsorption Experiments. As(III) adsorption
isotherms were determined with a sorbent loading of 1.0 mg
mL−1 at pH 5.0, pH 9.0, and pH 11.0 under ambient
temperature, respectively. Typically, the as-prepared AuNPs/αMnO2 nanocomposite (10 mg) were dispersed in 10 mL
As(III) solutions with variable initial concentrations (0.5−50
mg L−1), followed by shaking at 200 rpm for 24 h to achieve
equilibrium. After separation by centrifugation and ﬁltering
through a 0.22 μm membrane, the remaining As(III)
concentration was measured by inductively coupled plasmaatomic emission spectroscopy (ICP-AES). The data were ﬁtted
with Freundlich and Langmuir models, respectively.

■

RESULTS AND DISCUSSION
Detection Strategy of As(III). As shown in Scheme 1a, the
AuNPs/α-MnO2 nanocomposite cross each other to form a
three-dimensional structure, and each nanorod-like α-MnO2 are
densely covered with AuNPs, so the electrons away from the
electrode surface could be transferred through the interconnect
of AuNPs. Scheme 1b illustrates the detection strategy toward
As(III) on the AuNPs/α-MnO2 nanocomposite. On the basis
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Scheme 1. (a) Pathway of Electron Transfer through the
Interconnection of AuNPs and (b) Schematic of in situ
Electrocatalysis for As(III) Detection on AuNPs/α-MnO2
Nanocomposite Modiﬁed GCE in Alkaline Media (pH 9.0)
Based on Multilayer Adsorption of Nanorod-Like α-MnO2
and Excellent Electrocatalysis of ∼5 nm AuNPsa

Outer layer of adsorbed As(III) could be easily diﬀused to
neighboring AuNPs.

Figure 1. Morphologic and structure characterization of AuNPs/αMnO2 nanocomposite. (a) SEM image of the AuNPs/α-MnO2. (b,c)
TEM images of the AuNPs/α-MnO2. (d) XRD pattern of the AuNPs/
α-MnO2. Inset in panel b is the corresponding SAED pattern. The
inset in panel c is the particle size distribution of AuNPs. Scale bar: (a)
300 nm, (b) 50 nm, and (c) 20 nm, respectively.

of the excellent multilayer adsorption ability of the nanorod-like
α-MnO2 and the robust catalytic properties of ∼5 nm AuNPs,
As(III) (a large quantity of anionic H2AsO3− species and a little
neutral H3AsO3 species) can be ﬁrst adsorbed on the surface of
nanorod-like α-MnO2 where AuNPs are uniformly distributed
in alkaline media (pH 9.0), then As(III) could be easily diﬀuse
from the outer layer surface of nanorod-like α-MnO2 to the
surface of neighbored AuNPs, and the redox reaction of As(III)
would occur on the surface of AuNPs in situ. The signal of
As(III) was generated from the anionic H2AsO3− species and
the neutral H3AsO3 species.
Morphologic and Structure Characterization of
AuNPs/α-MnO2 Nanocomposite. Figure 1a shows the
typical SEM image of the as-synthesized AuNPs/α-MnO2
nanocomposite. It is clearly that the as-obtained α-MnO2
nanocrystals present typical nanorods morphology, and the
relatively bright spots dispersed on the surface of nanorod-like
α-MnO2 are AuNPs. More detailed structure and morphology
information on AuNPs/α-MnO2 nanocomposite is provided by
TEM. Figure 1b,c show the TEM images of the AuNPs/αMnO2 nanocomposite. As seen, the diameters of the nanorodlike α-MnO2 about 35−55 nm and the lengths range between
0.5 to 0.65 μm, and the diameters of AuNPs are mainly
distributed in the range of 4−7 nm (inset in Figure 1c). The
SAED patterns (inset in Figure 1b) of one typical AuNPs/αMnO2 nanocomposite reveal that nanorod-like MnO2 is singlecrystalline nature, and AuNPs are polycrystalline of facecentered cubic. Figure 1d shows the typical XRD patterns, all
the diﬀraction peaks of nanorod-like α-MnO2 and AuNPs can
be clearly indexed to α-MnO2 (JCPDS No. 44-0141)55 and
face-centered cubic structured Au nanocrystals (JCPDS No. 040784), respectively. No obvious peaks from other phase can be
observed, indicating the high purity of the AuNPs/α-MnO2
nanocomposite obtained.
Electrochemical Detection of As(III). Figure S1 (Supporting Information) shows the typical cyclic voltammograms
(CV) and electrochemical impedance spectroscopy (EIS) of

the bare GCE, α-MnO2, AuNPs, and AuNPs/α-MnO2 modiﬁed
GCE. Furthermore, to obtain the reasonable results, the eﬀect
on the diﬀerential electrode active areas was in consideration
and thus the current density (j) was adopted, which can be seen
in Figure S2 for more detail. To obtain the maximum sensitivity
for trace As(III) detection, the voltammetric parameters
(supporting electrolytes, pH value, deposition time, and
deposition potential) were ﬁrst optimized in solution
containing 10 ppb As(III) and presented in Figure S3. Under
the optimized experimental conditions, the electrochemical
behaviors of commercial Au electrode, AuNPs/GCE, AuNPs/
α-MnO2/GCE (pH 9.0), and AuNPs/α-MnO2/GCE (pH 5.0)
in electroanalysis of As(III) were performed and compared.
To demonstrate the advantage of the AuNPs/α-MnO2/GCE,
the measurement was performed ﬁrst with AuNPs/GCE and a
commercial Au electrode (2 mm in diameter), Figure S4 shows
the typical SWASV responses and linear equation, the obtained
sensitivity were 1.167 μA ppb−1 cm−2 and 0.520 μA ppb−1
cm−2, respectively. Considering the change of As(III)
speciation may have a signiﬁcant impact on its detection, the
electrochemical performance of AuNPs/α-MnO2 toward As(III) at pH 9.0 and 5.0 electrolytes were studied in detail,
respectively. Figure 2a shows the typical SWASV response of
the AuNPs/α-MnO2/GCE toward As(III) over the concentration range from 1 to 10 ppb at pH 9.0 media. The dynamic
range of the calibration curve (Figure 2b), Y (μA cm−2) =
−1.971 + 16.268X (ppb), showed linear behavior with a
sensitivity of 16.268 μA ppb−1 cm−2, and the correlation
coeﬃcient (R2) of 0.999. The theoretical limit of detection
(LOD), equal to 3 times the standard deviation of the
background (3σ method), is 0.019 ppb. The obtained LOD is
well below the guideline value for As(III) in drinking water as
speciﬁed by the World Health Organization (WHO), so the
AuNPs/α-MnO2 nanocomposite may be promising for real
samples analysis. To get the rational result, Figure 2b shows the
corresponding date of peak area (integration limits, −0.43 to
−0.23 V) as a function of As(III) concentration, the peak area

a
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Possible Mechanism of Enhanced Stripping Signal. It
is well-known in anodic stripping analysis, the eﬀective
preconcentration of the target analyte onto a modiﬁed
electrode surface is rather important.56 Therefore, the
SWASV response of As(III) is determined by how well the
electrode materials can absorb it, which is subsequently
accumulated on the certain substrate. For conﬁrm this possible
mechanism of enhanced stripping signal, taking into account
the existence of As(III) speciation, the adsorption measurement
was carried out at diﬀerent pH media. The relationship between
the voltammetric signal and the amount of adsorbed As(III)
was also explored by XPS.
Considering the change of As(III) speciation at diﬀerent pH
media, the AuNPs/α-MnO2 nanocomposite on the As(III)
adsorption at pH 5.0, 9.0, and 11.0 media were ﬁrst
investigated. Figure 3a shows the adsorption isotherms of
Figure 2. Typical SWASV responses of (a and c) AuNPs/α-MnO2/
GCE for analysis of As(III) at pH 9.0 and pH 5.0 Na2CO3−NaHCO3
(0.1 M) buﬀer solution, respectively. (b and d) The corresponding
plot of the analysis of stripping currents (squares) and the peak area
(columns) as a function of As(III) concentrations. Deposition
potential, −1.0 V; deposition time, 150 s; amplitude, 25 mV;
increment potential, 4 mV; frequency, 15 Hz. The dotted line refers
to the baseline. All error bars were obtained by 3 times the parallel
measurements.

of As(III) increases with increasing concentration, which is in
accord with that of the current of the stripping peak of the
As(III). Meanwhile, the AuNPs/α-MnO2/GCE toward As(III)
at pH 5.0 media will also be investigated. Figure 2c shows the
typical SWASV response relative to the anodic peak current of a
series of As(III) levels tested and obtained an LOD of 1.469
ppb with a sensitivity of 1.938 μA ppb−1 cm−2. Compared with
the results obtained at pH 9.0 buﬀer solution, the obtained
sensitivity and LOD are very poor. To observe the diﬀerence of
electrochemical behavior clearly, the sensitivities and LODs of
commercial bare Au electrode, AuNPs/GCE, AuNPs/α-MnO2/
GCE (pH 9.0), and AuNPs/α-MnO2/GCE (pH 5.0) toward
As(III) are summarized in Figure S5. By comparing their
analytical performance toward As(III), the AuNPs/α-MnO2/
GCE shows the best electrochemical performance at pH 9.0
media. With three consecutive measurements, the obtained
sensitivities are 0.520 ± 0.035, 1.167 ± 0.049, 16.268 ± 0.242,
and 1.938 ± 0.109 μA ppb−1 cm−2, respectively. Furthermore,
the LODs are calculated to be 15.098, 2.204, 0.019, and 1.469
ppb (3σ method), respectively. The results indicate that
AuNPs/α-MnO2 employed as sensing materials greatly
improved the sensing performance toward As(III) in alkaline
media (pH 9.0). The excellent stripping behaviors should be
attributed to the better adsorption ability of nanorod-like αMnO2 toward As(III) in alkaline media (which will be
discussed later) and robust electrocatalytic ability of ∼5 nm
AuNPs. The arsenic species, anionic H2AsO3− species or
neutral H3AsO3 species, were adsorbed on the AuNPs/α-MnO2
nanocomposite/electrode, and the signal generated from the
anionic H2AsO3− species or the neutral H3AsO3 species or a
combination of the two at pH 5.0 and 9.0 media as will be
carefully discussed based on the following experiments.
Moreover, a comparison of the analytical performance of
As(III) detection is listed in Table S1, indicating that the
proposed method is better than most of the reported
electroanalysis of As(III) in neutral or alkaline media.

Figure 3. (a) As(III) adsorption isotherms on AuNPs/α-MnO2 at
diﬀerent pH media (adsorbent dose, 1 mg mL−1). (b) Freundlich
isotherm models for ﬁtting of As(III) adsorption on AuNPs/α-MnO2.
The ﬁtted parameters are summarized in Table S2.

As(III) on the AuNPs/α-MnO2 nanocomposite at varying
initial As(III) concentrations of 0.5−50 mg L−1 at pH 5.0, 9.0,
and 11.0 media, respectively. Clearly, the adsorption capacity of
the AuNPs/α-MnO2 nanocomposite toward As(III) does not
reach the adsorption saturation and it could increase further
with the increase in the equilibrium As(III) concentration. The
adsorption capacity of the AuNPs/α-MnO2 nanocomposite
about 3.11, 28.41, and 11.12 mg g−1 (not saturated yet) for
As(III) at pH 5.0, 9.0, and 11.0 media, respectively,
demonstrating the largest adsorption capacity of AuNPs/αMnO2 nanocomposite for As(III) at pH 9.0 media.
The Freundlich isotherm is based on an exponential
distribution of adsorption sites and energies. It is derived
from multilayer adsorption model and adsorption onto
heterogeneous surfaces.57 Meanwhile, the Langmuir isotherm
assumes a surface with homogeneous binding sites, equivalent
adsorption energies, and no interaction between adsorbed
species.58 Therefore, the adsorption saturates and no further
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manganese, oxygen, carbon, gold, and As at 642.1, 529.6, 284.8,
84.0, and 44.7 eV corresponding to the Mn 2p, O 1s, C 1s, Au
4f, and As 3d, respectively, suggesting that As(III) has been
successfully adsorbed onto AuNPs/α-MnO2 nanocomposite.
Figure 4b shows the high-resolution XPS spectra of As 3d
adsorbed on AuNPs/α-MnO2 nanocomposite at pH 5.0, 9.0,
and 11.0 media, respectively. As 3d bands at 44.7 eV can be
clearly observed in AuNPs/α-MnO2 nanocomposite after
As(III) adsorption. As seen, the intensity of As 3d on
AuNPs/α-MnO2 nanocomposite at pH 9.0 media is much
more stronger than that at pH 5.0 and 11.0 media. As shown in
the inset of Figure 4b, the atomic ratio of As to Mn follows the
decreasing order of pH 9.0 (15.59) > pH 11.0 (7.14) > pH 5.0
(2.32), which indicates the higher adsorption capacity can be
obtained at pH 9.0 buﬀer solution. The above results indicated
that the change of As(III) speciation has a signiﬁcant impact on
its adsorption. According to previously reported,14,61 almost all
As(III) would be present as the neutral H3AsO3 species at pH
5.0 media, we believe that adsorbed on the AuNPs/α-MnO2
nanocomposite/electrode is neutral H3AsO3 species and the
signal mainly generated from it. However, the dissociation
constant (pKa1) for H3AsO3 is 9.2, and about 50% of the
As(III) species would be present as neutral H3AsO3 species and
the other about 50% ionized (mainly anionic H2AsO3− species)
at pH 9.0 media, based on the adsorption measurement and
XPS results, ionized H2AsO3− species is more readily to be
adsorbed by the AuNPs/α-MnO2/electrode, so the more
As(III) is reduced to As(0) during the deposition process,
further obtain the enhanced stripping signal. On the basis of the
above discussion, even though a direct experiment evidence has
not yet been found to quantitatively clariﬁed the As(III) species
adsorbed on the nanocomposite/electrode currently, we
deduced that adsorbed on the AuNPs/α-MnO2 nanocomposite/electrode are a little neutral H3AsO3 species and mainly
anionic H2AsO3− species at pH 9.0 media, and the enhanced
stripping signal generated from the anionic H2AsO3− species
and the neutral H3AsO3 species, but the main contributions of
the stripping signal from the ionized H2AsO3− species. As for
the quantitative contribution, it is necessary to design a more
elaborate experiment to clarify in the further work. Owing to
the eﬃcient preconcentration of As(III) onto AuNPs/α-MnO2
in alkaline media (pH 9.0), AuNPs/α-MnO2 employed as
sensing materials greatly enhanced stripping signal toward
As(III).
In addition, the morphologic of the AuNPs/α-MnO2
nanocomposite after the As(III) adsorption was also investigated. Figure S6a shows the representative SEM image of the
AuNPs/α-MnO2 nanocomposite after the As(III) adsorption.
The morphologic of the AuNPs/α-MnO2 nanocomposite has
no obvious changed, indicating that it is stable in weak alkaline
media. Figure S6b−e show the elemental mapping of Au, Mn,
O, and As, respectively. Figure S6f shows the EDS spectrum of
the AuNPs/α-MnO2 nanocomposite before and after As(III)
absorption. The peak of As(III) at 1.282 keV can be clearly
observed. The results further approves As(III) adsorbed on the
AuNPs/α-MnO2 nanocomposite.
Interference Measurements. Reliable detection of ultratrace As(III) in the real sample without interference is a
challenging task, as the other metal ions present in the real
samples can be coprecipitated and stripped oﬀ on the detection
of As(III). Of the commonly interfering substances, Cu(II)
shows the main interference in the electroanalysis of As(III),
one reason is that its stripping potential is similar but slightly

adsorption occurs. The mathematical expressions of the
Freundlich (1) isotherm and the Langmuir (2) isotherm
model are59
qe = KFCe1/ n
qe = qm

KLCe
1 + KLCe

(1)

(2)

where KF and n are Freundlich constants related to adsorption
capacity and adsorption intensity, respectively. qm and KL in the
Langmuir equation represent the maximum adsorption capacity
of adsorbents (mg g−1) and the energy of adsorption,
respectively.
The experimental data are regressively simulated with the
Freundlich and Langmuir isotherm models. Figure 3b shows
the curve ﬁtting results of the Freundlich model and the ﬁtting
parameter were calculated and listed in Table S2. From the
correlation coeﬃcients (R2), it can be seen that the As(III)
adsorption data were all better ﬁtted by the Freundlich model,
which indicated that the adsorption of As(III) onto the
AuNPs/α-MnO2 nanocomposite is multilayer adsorption more
than monolayer coverage. 60 Because of the multilayer
adsorption, the outer layer of adsorbed As(III) could be
more easily diﬀused to the surface of neighbored AuNPs, and
then As(III) will be direct redox in situ, so as to realize its
sensitive detection.
To further clarify the relationship between the stripping peak
current and the amount of adsorbed As(III), XPS was also
performed. In the full spectrum (Figure 4a), the XPS survey
spectra of As(III) adsorbed on AuNPs/α-MnO2 nanocomposite at diﬀerent pH media reveal the presence of

Figure 4. (a) XPS spectra and (b) high-resolution XPS spectra of As
3d signature region for AuNPs/α-MnO2 after As(III) absorption at pH
5.0, 9.0, and 11.0 media, respectively.
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more positive than As(III).62 Thus, the interference of Cu(II)
was investigated in detail. The interference of Cu(II) toward
the sensitivity of the AuNPs/α-MnO2/GCE for As(III)
detection was ﬁrst studied at pH 9.0 and pH 5.0 Na2CO3−
NaHCO3 buﬀer solution (0.1 M), respectively. Figure 5a shows

Cu(II) increased at pH 5.0 buﬀer solution, which decreased
about 77% during the addition 10-fold concentration of Cu(II).
The interferences from other commonly interfering substances on the response of As(III) were further evaluated.
Figure 6 illustrates the peak current and corresponding peak

Figure 5. (a and c) SWASV responses of the AuNPs/α-MnO2/GCE at
diﬀerent concentrations of As(III) in the presence of 100 ppb Cu(II)
at pH 9.0 and pH 5.0 Na2CO3−NaHCO3 buﬀer solution (0.1 M),
respectively. The insets of parts a and c are the corresponding linear
calibration plot of peak current against As(III) concentrations. (b and
d) SWASV responses of the AuNPs/α-MnO2/GCE in the presence of
diﬀerent concentrations of Cu(II) at pH 9.0 (6 ppb As(III)) and pH
5.0 (20 ppb As(III)) Na2CO3−NaHCO3 buﬀer solution (0.1 M),
respectively. The insets of parts b and d are the corresponding SWASV
responses, respectively. SWASV conditions are identical to Figure 2.
The dotted line refers to the baseline.

Figure 6. Eﬀects of various substances on the peak current (squares)
and corresponding peak area (columns) of As(III) at (a) pH 9.0 and
(b) pH 5.0 Na2CO3−NaHCO3 (0.1 M) buﬀer solution, respectively.
All data are evaluated via SWASV for electrochemical detection of 10
ppb As(III) in the absence and presence of 50 ppb of other various
substances, respectively.

the typical SWASV responses obtained for As(III) at diﬀerent
concentrations on the AuNPs/α-MnO2/GCE in the presence
of Cu(II) (100 ppb) at pH 9.0 buﬀer solution. As seen, the
stripping peak potential of As(III) appeared at −0.312 V, which
is separated 408 mV from the peak potential of Cu(II) (0.096
V). The sensitivity of the AuNPs/α-MnO2/GCE toward
As(III) in the presence of Cu(II) is determined as 15.805 ±
0.256 μA ppb−1 cm−2 compared with that obtained in the
absence of Cu(II) (16.268 ± 0.242 μA ppb−1 cm−2). The above
results suggested that the presence of Cu(II) has no obvious
inﬂuence on the sensitivity of the present electrode toward
As(III) at pH 9.0 buﬀer solution is recognized compared with
the case of the absence of Cu(II). However, as shown in Figure
5c, the sensitivity (0.803 μA ppb−1 cm−2) is reduced about
60.02% toward As(III) in the presence of Cu(II) at pH 5.0
buﬀer solution.
To further examine the analytical performance of the
AuNPs/α-MnO2/GCE toward As(III), measurements have
been also carried out in the presence of various concentrations
Cu(II) at pH 9.0 and pH 5.0 buﬀer solution, respectively.
Figure 5b shows the SWASV response of the AuNPs/α-MnO2/
GCE toward As(III) (6 ppb) in the presence of diﬀerent
concentrations of Cu(II) (6−60 ppb) at pH 9.0 buﬀer solution.
It is found that the position (only a 5 mV positive shifting) and
current (decreased only about 2.4%) of the stripping peak of
As(III) has no signiﬁcant interferences during the addition 10fold concentration of Cu(II). However, the current of stripping
peak of As(III) gradually decreases with the concentration of

area of 10 ppb As(III) were recorded by SWASV in the absence
and presence of 5-fold (50 ppb) amount of potential interfering
ions and humic acid (HA) at pH 9.0 buﬀer solution,
respectively. No obvious eﬀect (1.4−8.4% in decrease) can be
observed when various metal cations, such as Fe(III), Cd(II),
Mg(II), Zn(II), Hg(II), Pb(II), and Ca(II), anion (F−, Cl−,
NO3−, and SO42−), As(V), and HA are added on the detection
of As(III), respectively. However, the current of stripping peak
decreased 14−71% at pH 5.0 buﬀer solution, in particular,
various metal cations. The above results can be concluded that
no apparent interference was observed with commonly
interfering substances on the detection of As(III) in the
alkaline media. When the product of ion concentration (Q)
larger than the solubility product (Ksp), it begins to form a
precipitate. In this system, at the pH 9.0 buﬀer solution, the Q
of Cu(II), Fe(III), Zn(II), and Hg(II) corresponding hydroxide
are calculated to be 7.81 × 10−17, 8.29 × 10−22, 7.61 × 10−17,
and 2.50 × 10−17, respectively, which are much larger than their
Ksp, so they could form precipitate Cu(OH)2, Fe(OH)3,
Zn(OH)2, and Hg(OH)2 at pH 9.0 buﬀer solution, respectively.
The Q of Pb(II) and Cd(II) corresponding carbonate are
calculated to be 2.42 × 10−8 and 4.46 × 10−8 in 0.1 M
Na2CO3−NaHCO3 buﬀer solution, they are far greater than the
corresponding Ksp of PbCO3 and CdCO3, the formation of
PbCO3 and CdCO3 precipitation, respectively. Furthermore,
Mg(II) and Ca(II) are very diﬃcult to be reduction at the
deposition potential of −1.0 V. The above discussion may be
9725
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Electroanalysis of As(III) in Real Water Sample. In
order to examine the practical application of the AuNPs/αMnO2 nanocomposite, the real water sample analysis has been
performed. A real water sample is taken from Xing Wang
Zhuang Village, Togtoh County, Inner Mongolia, China, and
diluted with pH 9.0 Na2CO3−NaHCO3 buﬀer solution (1:19).
Standard additions of As(III) were performed in the diluted
sample. Figure 8 shows the typical SWASV response curves and

some of the reasons for the proposed method not being
interfered from some commonly coexisting cations at pH 9.0
Na2CO3−NaHCO3 buﬀer solution. Other possible reason is
that the AuNPs/α-MnO2/GCE of adsorption ability toward
ionized H2AsO3− species is greatly stronger than other various
substances at pH 9.0 media.
Stability and Reproducibility. Many kinds of metal oxide
nanomaterials are subjected to instability under acidic
conditions. Hence, taking into consideration the practical
application, the advantages of the stability and reproducibility
of the electrodes in nonacidic condition are highlighted. Here,
the stability is examined to check out the long-term
performance of the AuNPs/α-MnO2/GCE. Figure 7a shows

Figure 8. Typical SWASV response of standard additions of As(III)
into a real water sample diluted with pH 9.0 Na2CO3−NaHCO3 buﬀer
solution (0.1 M) in a ratio of 1:19. The inset is the corresponding
linear calibration plot of peak current against As(III) concentrations.
SWASV conditions are identical to Figure 2. The red line refers to
signal without adding As(III).

the corresponding calibration plot. The water sample was
diluted 20 times in a buﬀer, and an obvious signal can be
observed without adding As(III), and then the diﬀerent
concentrations of As(III) are added into the water sample,
the well-deﬁned stripping peaks are increased with the increase
of As(III) concentration, and the inset shows a linear
relationship between the peak current with As(III) concentration, Y (μA cm−2) = 41.856 + 13.452X (ppb), with a
correlative coeﬃcient of 0.995. The concentration of As(III) in
the real sample was calculated to be 62.23 ppb. Furthermore,
the real water sample dilution by 100 times has also been
analyzed, and the result is shown in Figure S7.
The obtained concentration of As(III) in the real water
sample was about 65.26 ppb. We conﬁrmed the accuracy of
SWASV results by comparison with the HPLC-ICPMS, the
As(III) content of the real sample was measured using HPLCICPMS, and the As(III) concentration is about 64.37 ± 2.56
ppb (measured 5 times). The result indicated that the proposed
method is relatively accurate and reliable. The total As
concentration is about 101.19 ± 3.27 ppb; the higher value is
due to the real sample having As(V) and a little organic arsenic,
which is not detected by the method.
To further evaluate the validity of the proposed method, the
As(III) standard added to the other water samples (reservoir
and tap water) to obtain arsenic-contaminated (5, 10, 20 ppb)
real samples and then diluted by 10 times (0.5, 1.0, 2.0 ppb) in
a buﬀer solution for recovery studies. The recovery obtained is
varied from 99% to 103%. The detail results were compiled in
Table S3, indicating that the proposed method is highly
reliable, accurate, and reproducible. It can be used for a direct
analysis of the relevant real samples.

Figure 7. (a) Stability measurements on AuNPs/α-MnO2/GCE with
repeated analysis of As(III). (b) Reproducibility on the same GCE
modiﬁed 10 times repeatedly (No. E1-E10). All date are collected
from every SWASV response at pH 9.0 Na2CO3−NaHCO3 buﬀer
solution (0.1 M) spiked with (a) 2, 5, 8, and 10 ppb As(III),
respectively. (b) 10 ppb As(III). The inset in part b is the
corresponding SWASV responses. SWASV conditions are identical
to Figure 2.

that no obvious changes on the SWASV responses of 2, 5, 8,
and 10 ppb As(III) after repeated analysis for 30 days,
respectively. The relative standard deviation (RSD) are 2.61%,
2.82%, 1.74%, and 2.33%, respectively, conﬁrming that the
AuNPs/α-MnO2/GCE can be reused without obvious loss in
the position and current of stripping peak of As(III). To check
the reproducibility of the results, the same GCE was modiﬁed
10 times repeatedly and used for the voltammetric measurement of a solution containing 10 ppb of As(III). Figure 7b
shows the voltammetric responses and corresponding peak area
of As(III) at diﬀerent modiﬁed GCE, the RSD in the peak
current and peak area are calculated to be 2.04% and 1.96%,
respectively. Also no shift appears on the peak potential (inset
in Figure 7b). These results strongly indicate that the AuNPs/
α-MnO2 nanocomosites possess a great potential for online
monitoring of As(III) in the real water environment.

■

CONCLUSIONS
In summary, overcoming the change of arsenic(III) speciation
at diﬀerent pH conditions, a new nanocomposite of nanorod9726
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like α-MnO2 decorated with ∼5 nm AuNPs (AuNPs/α-MnO2)
has been found to be used for reliable detection of ultratrace
original As(III) speciation in real water samples in alkaline
media (pH 9.0). Considering the diﬀerent As(III) speciation at
various pH media, As(III) adsorption isotherms data were
obtained at diﬀerent pH media, which are all better ﬁtted by the
Freundlich model, indicating a multilayer adsorption behavior
of As(III) onto the AuNPs/α-MnO2 nanocomposite. Moreover, adsorption experiments and XPS results quantiﬁcationally
reveal the largest amount of adsorbed As(III) on the AuNPs/αMnO2 nanocomposite at pH 9.0 Na2CO3−NaHCO3 buﬀer
solution. Accordingly, such a nanocomposite works based on a
strategy combined excellent multilayer adsorption of nanorodlike α-MnO2 with robust electrocatalytic ability of decorated ∼5
nm AuNPs. Considering its much improved sensitivity, limit of
detection, ultrahigh anti-interference ability, and As(III) can
maintain the original speciation in alkaline media, AuNPs/αMnO2 nanocomposite is expected to be more accurate and
reliable for online monitoring of As(III) in real water samples.
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