Electrochimica Acta 231 (2017) 238–246

Contents lists available at ScienceDirect

Electrochimica Acta
journal homepage: www.elsevier.com/locate/electacta

Electrochemically etched gold wire microelectrode for the
determination of inorganic arsenic
Chi Zhoua,b , Meng Yanga,b , Shan-Shan Lia,b , Tian-Jia Jianga,b , Jin-Huai Liua,* ,
Xing-Jiu Huanga,* , Xing Chena,*
a
b

Hefei Institutes of Physical Science, Chinese Academy of Sciences, Hefei 230031, PR China
Department of Chemistry, University of Science and Technology of China, Hefei 230026, PR China

A R T I C L E I N F O

Article history:
Received 28 October 2016
Received in revised form 7 January 2017
Accepted 28 January 2017
Available online 14 February 2017
Keywords:
electrochemical etching
gold wire microelectrode
electrochemical determination
arsenite
arsenate

A B S T R A C T

An electrochemical method for direct determination of inorganic arsenic [As(III), As(V), and total
inorganic arsenic] was developed using an electrochemically etched gold wire microelectrode (Au-ME)
by square wave anodic stripping voltammetry. Bromide was adopted to facilitate the electrochemical
etching of gold through its complexation with gold ions, and controllably etched gold wire
microelectrode can be obtained by adjusting the linear sweep voltammetry recycling numbers.
Although the diameter of Au-ME decreases from 25.67 to 15.41 mm, for the determination of As(III) in
0.5 M H2SO4, the sensitivity increases 1.5-fold to 6.8 mA cm2 ppb1 and the limit of detection (LOD)
decreases 2.8-fold to 2.6 ppb; for determination of As(V) in 0.25 M HCl, the sensitivity increases 1.6-fold
to 2.6 mA cm2 ppb1 and LOD decreases 2.5-fold to 3.9 ppb. The As(V) deposition mechanism is put
forward: ﬁrst, chemically reduce to As(III) associated with active chlorine, and then electrochemically
reduce to As(0), which experience two reduction step. Given that the LODs for both As(III) and As(V) are
lower than the arsenic guideline value of 10 ppb, Au-ME shows efﬁciency in determining trace arsenic
when applied to real environmental samples.
© 2017 Elsevier Ltd. All rights reserved.

1. Introduction
Arsenic contamination in drinking water is a serious threat to
human health worldwide [1,2]. As(III) and As(V) are the inorganic
forms found in groundwater and are more toxic than the organic
forms [3]. In oxygenated waters, As(V) species are dominant and
more thermodynamically stable, whereas under reducing conditions, As(III) is the dominant form [4]. The World Health
Organization (WHO) recommends that the provisional guideline
value maximum of arsenic in drinking water should not exceed
10 ppb [5]. Unfortunately, elevated concentrations of arsenic are
found in the groundwater of many regions around the world, such
as Argentina, Bangladesh, India, Mongolia, Thailand, and Taiwan,
where a majority of groundwater is contaminated with arsenic at
levels from 100 to over 2000 mg/L [6]. Hence, it is urgent to
develop sensitive, rapid, and simple methods for analysis of trace
inorganic arsenic. Among a variety of analytical methods,
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electrochemical methods, in particular anodic stripping voltammetry (ASV), have been used widely to detect inorganic arsenic
because of its high sensitivity, low limit of detection (LOD),
convenient operation and in-ﬁeld monitoring.
Arsenic detection has been accomplished using different
electrodes: mercury (Hg) [7], platinum (Pt) [8], gold (Au) [9,10],
carbon materials [11], metal oxides [12], enzymes and As(III)speciﬁc ligands [13]. Among these, the Au-based electrode is a
superior substrate because it has a more sensitive response toward
arsenic oxidation and higher hydrogen overvoltage. For example,
Kato et al. used a one-step unbalanced magnetron (UBM) cosputtering process and Au nanoparticle (AuNP)-embedded carbon
ﬁlms to detect As(III) achieving an LOD of 0.55 ppb and achieved
selectivity by adding 0.1 M ethylenediaminetetraacetic acid (EDTA)
for the removal of copper [Cu(II)] ions interference [14]. More
recently, our group member Jiang reported a system using
ultrathin SnO2 nanosheets with high-reactive exposed (110)
surface modiﬁed gold electrode for the sensitive detection of As
(III) with a mild acid condition (pH 5.0) [15]. Our previous work
demonstrates a robust electrochemical protocol to determine As
(III) in real water samples using a gold micro-wire electrode
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without needing of pretreatment or clean-up steps [16]. However,
how the diameter of the gold wire affects As(III) detection remains
not been fully understood.
The noble metal nanoparticle modiﬁed electrode attracts
various interest, but the nature of microelectrode random array’s
overlapping diffusion zone results in modiﬁed electrodes that
subsequently generate a voltammetric response that is equivalent
to a macrodisc electrode [17]. On the other hand, single
ultramicroelectrodes(UME) have been reviewed for analytical
application, in particular to facilitate the direct electro-inactive
arsenate-As(V) detection [18,19]. Apart from their obvious
compactness, these UMEs exhibit enhanced diffusion to achieve
steady-state, diffusion-controlled currents, low charging currents
and reduced solution resistance effects [19,20]. Meanwhile, reports
of using gold nanoparticle ensembles as sensors are abundant,
whereas few papers have reported obtaining an electrochemical
mechanism for the preconcentration of As(0) from As(V), including
the role of chlorine (Cl) [21,22]. Further comprehension of the
cathodic preconcentration of As(0) and its electro-oxidation on Au
electrodes is critical to improve the sensitivity for ASV analysis of
As(III) and/or As(V). For conventional strong acid electrolytes, the
use of hydrogen chloride (HCl) as the supporting electrolyte is in
controversial because of its higher sensitivity but a problematic
decrease in stripping current and its lack of sufﬁcient evidence in
the role of Cl. For example, Jena et al. found that the GNEE
electrode shows a dramatically higher stripping current in 1 M HCl
[23].
With these considerations in mind, the electrochemically
etched gold wire microelectrode (Au-ME) is proposed to directly
determine inorganic arsenic by square wave anodic stripping
voltammetry (SWASV). With a decrease in the diameter of the gold
wire, increased sensitivities and reduced LODs are found for both
As(III) and As(V). Meanwhile, the sensitivities for As(III) in H2SO4
are higher than As(V) in HCl because of the generated hydrogen
partially blocks the electrode surface. The As(V) deposition
mechanism is used ﬁrst to chemically reduce As(III) associated
with active Cl and then to electrochemically reduce As(0). For
practical application, the interference and analysis of spiked As(III)
and As(V) in real samples are also studied.
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2.3. Bromide-facilitated electrochemical etching of gold wire
The procedure to fabricate the Au-ME (25 mm) was adapted
from that described before [20]. Electrochemical etching of gold
wire was performed using linear sweep voltammetry (LSV) from 0
to 1.2 V in complexing agents [24]. The solution contained 1.0 M
KBr, 0.2 M Na2SO3, and 0.1 M phosphate pH buffer, with pH 7.2.
After etching, the electrode was rinsed with MQ water and dried
with N2 ﬂux. Cyclic voltammetry in 0.5 M H2SO4 was performed to
remove the residual bromine (Br) until achieving stable
voltammograms for adequate polish. The etched gold wire was
then characterized and evaluated with SEM to measure its
diameter and surface roughness.
2.4. Characterization of the etched Au-ME
The chrono-amperometry was measured at  0.3 V of 10 mM
K3[Fe(CN)6] in 0.5 M KCl compared with P. Salaün et al. [25].
Electrochemical impedance spectroscopy (EIS) was measured at
the equilibrium potential from 0.01 to 100 kHz in 10 mM [Fe
(CN)6]3/[Fe(CN)6]4 and 0.5 M KCl solution to replicate characteristics of mass transport. Active surface area (with a utilizing
conversion factor of 386 mC cm2) and the surface roughness factor
(Rf, a ratio of the active surface area to the geometric surface area
of) of the Au-ME was calculated by measuring the reduction charge
of gold oxides in 0.5 M H2SO4 (AuOy, CV, +0.2 to 1.5 V, 100 mV s1)
[10].
2.5. Kinetics and determination of As(III)/As(V)
To evaluation electroanalytical performance of etched Au-ME,
cyclic voltammetry was employed to explore the difference in
mass transport from the micro-electrodes as variable scan rate
experiments. The etched Au-MEs were used as the working
electrode for arsenic detection using SWASV under optimized
conditions.
3. Results and discussions
3.1. Morphologic and structure characterization of the etched Au-ME

2. Experimental
2.1. Chemical reagents
The 102 M As(III) and a 102 M As(V) stock solutions were
prepared from As2O3 and Na2HAsO47H2O in 0.1 M NaOH,
respectively. These stock solutions were then acidiﬁed with HCl
to pH 2 and wrapped in aluminium foil to prevent oxidation of As
(III) by light. KBr, Na2SO3, K4[Fe(CN)6] and K3[Fe(CN)6] were
purchased from Sinopharm Chemical Reagent Co., Ltd., Shanghai,
China. All chemicals were of analytical grade or better quality and
used as received, and Milli-Q ultrapure water (18 MV cm) was
used throughout the experiments.
2.2. Apparatus
Electrochemical experiments were recorded using an AutoLab
computer-controlled potentiostat (Eco Chemie, The Netherlands)
associated with Nova software. Measurements were conducted in
a conventional three-electrode cell using the homemade Au-ME as
a working electrode, Ag/AgCl/KCl (3 M) as a reference electrode and
Pt wire as a counter electrode. Microelectrodes made from gold
microwires of 25 mm (Alfa Aesar, Haverhill, MA) are described in
the Supporting Information. The scanning electron microscopy
(SEM) images were obtained using a ﬁeld-emission scanning
electron microscope (FESEM, Quanta 200 FEG, FEI Company, USA).

The nature of electrochemical corrosion is the exchange and
transportation processes of valence electrons between atoms or
ions [26,27]. The strong complexation between bromide and gold
ions dramatically lowers the concentration of free gold ions and
thus greatly facilitates the electrochemical etching of gold. The
electrochemical etching potentiodynamic polarization curves
were presented in Fig. S1b. The gold wire showed a classical
passive region with an applied current practically independent of
applied potential up to pitting potential (Epit = + 0.45 V). Before Epit,
the applied current increased smoothly, suffered from general
corrosion. Then, the applied current increased abruptly until
reaching a certain value, after that it continued to increase very
slightly with increasing potential. This pattern suggests the
nucleation and growth of pitting corrosion at the point of potential
breakdown (Epit), which dominated the etching process [28,29].
After etching, the gold wire was immersed in 0.5 M H2SO4 using
cyclic voltammetry from +0.2 to 1.5 V to remove any gold residues
left on the surface region. The SEM images taken before and after
etching Au-MEs were presented in Fig. S1a and S1c. Evidently, the
electrochemical etching-using the bromide-based process successfully removed the gold seed residues between gold features at
a microscopic level. Fig. 1a shows that before and after etching 18,
36 and 42 cycles, the average diameters of the gold wire were
d0 = 25.67 mm, d1 = 21.06 mm, d2 = 17.11 mm and d3 = 15.46 mm. Due
to the major role of pit corrosion during the electrochemical
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Fig. 1. Characterization of Au-ME. a) the diameters of etched gold wire through LSV from +0.2–1.2 V, scan rate of 100 mV/s; using the complexing agents containing of 1.0 M
KBr, 0.2 M Na2SO3, and 0.1 M phosphate pH 7.2; b) cyclic voltammetry in 0.5 M H2SO4 of different diameters of d0 = 25.67 mm, d1 = 21.06 mm, d2 = 17.11 mm, d3 = 15.46 mm; c)
diffusion-limited current density as a function of the electrolysis time. Comparison of different diameters of gold microelectrodes for ﬁrst 5 s, E =  0.3 V, 10 mM K3[Fe(CN)6] in
0.5 M KCl; d) the impedance diagram recorded with different diameters of Au microelectrode in a 10 mM [Fe(CN)6]3/[Fe(CN)6]4 and 0.5 M KCl solution at the equilibrium
potential.

etching, controllable etching of gold wire at the micrometer scale
was obtained. Fig. 1b represents four similar cyclic voltammetry
characterization of gold wires in 0.5 M H2SO4, which decreased due
to thinner diameter, whereas the peak shape unchanged,
demonstrating that the surface roughness remained almost
unaffected (shown in Figs. S1a and S1c).
3.2. Current density, diffusion layer thickness and impedance
spectroscopy at Au-MEs
The micro-wire electrode of a theoretical diffusion-limited
current density of length l and radius r is given by Eq. (1)
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where n is the number of exchanged electrons in Eq. (1), t is the
electrolysis time, F is the faraday constant, d is the diffusion layer of
[Fe(CN)6]3,F; is the diameter (cm), D0 is the diffusion coefﬁcient
of [Fe(CN)6]3 and 0.5 M KCl (7.17106 cm2 s1) and C0 is [Fe
(CN)6]3 bulk concentration (mol cm3).
Fig. 1c shows the experimental diffusion-limited current density
determined of four different diameters (d0, d1, d2 and d3), along with
the theoretical diffusion-limited current density calculated using
Eq. (1). The diameter of the wire used was the same as that measured

by SEM. The wire lengths were also determined from the variation in
the diffusion-limited current within the ﬁrst 5 s (Fig. 1c) and
calculated using Eq. (1), giving values of 0.57 cm and showing
excellent agreement between theory and experiment. As expected,
the sensitivity increased proportionally with the electrode length
but higher signal-to-noise ratio was found for longer length
electrodes [25]. The current density increased with decreasing
diameter of the wire electrode, although the absolute current would
be smaller than that of a larger one. Using Eq. (2), a Nernst diffusion
layer thickness could be estimated from the diffusion limited current
(ISS) obtained by the reduction of 10 mM [Fe(CN)6]3 in 0.5 M KCl.
Diffusion limited currents obtained at d0, d1, d2 and d3 were
compared. For decreased gold wire diameters, the diffusion layers
decreased from 3.0, to 2.6, to 2.4 and to 2.1 mm. They were
remarkably small for such simple devices and ensured a low
detection limit during anodic stripping techniques [30].
Fig. 1d shows a typical impedance diagram of a 25-mmdiameter Au-ME measured at the equilibrium potential from
0.01 Hz to 100 kHz. The high-frequency loop was attributed to the
electron-transfer process. At 100 kHz, the impedance was reduced
to the electrolyte resistance (Re = 1.8 kV). The low-frequency loop
was attributed to the diffusion of the electroactive ions. In contrast
to the conventional size electrodes, the ﬂux at the microelectrode
reached a nonzero steady-state value [31,32]. An equivalent circuit
presented (inset Fig. 1d) was proposed to account for the simple
electrochemical reaction occurring at the 25-mm Au-ME. It
included a Randles-type equivalent circuit for that the Warburg
impedance was replaced by two contributions in series. The ﬁrst
contribution, ZM, accounted for the spherical diffusion and was
deﬁned as a Cole-Cole impedance and the second one, ZW,
accounted for the low-frequency contribution.
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3.3. Kinetics of Au-ME
To obtain the electroanalytical performance of Au-ME, cyclic
voltammetry was employed [33]. Under testing conditions, the
stable forms of arsenite and arsenate were H3AsO3 and H3AsO4,
respectively. Fig. 2a and b illustrates the typical cyclic voltammetric responses of 1.0 ppm As(III) additions to 0.5 M H2SO4 at
different square root scan rates from 0.1 to 1.0 V/s in the range from
0.4 to +1.2 V (vs. Ag/AgCl/KCl, 100 mV s1), with the insert
showing plots of peak height versus scan rate from 10 to
100 mV s1; then 1.0 ppm As(V) additions to 0.25 M HCl at different
square root scan rates from 0.1 to 1.0 V/s in the range from 0.4 to
+0.8 V(vs. Ag/AgCl/KCl, 100 mV s1) with the insert showing plots
of peak height versus scan rate from 10 to 100 mV s1. For As(III),
the reduction peak was observed at 0.16 V and the oxidation peak
was clearly smooth at + 0.24 V; whereas for As(V), no evident
reduction peak was observed within the window and the slight
coarse oxidation peak was at + 0.20 V due to the generating
hydrogen wave disturb the arsenate deposition process.
Considering the slightly different supporting electrolyte, the
oxidation peak was ascribed to electrochemical stripping of As(0)
back to As(III), for which sufﬁcient evidence is supplied in
Section 3.6 [22]. As for the oxidation peak current, both were in
direct proportionality to the potential scan rate, which corresponded to a surface conﬁned process and the electrodeposition
process of arsenic was found to be a totally irreversible electrode
reaction [34]. Notably, the oxidation peak of addition As(III) was
about 10-fold higher than the addition of As(V).
The product of both As(III) and As(V) reduction process-As(0)
was deposited on the electrode surface. It is worth noting that As
(0) in essence is non-conducting and does not easily electrodeposit on itself [35]. This means that a stripping analysis can be
performed only on monolayer coverage and the amount of
stripping current approaches the limit as increased deposition
time [21,22]. Because the deposition process could be regarded as a
combination of an electron-transfer process(redox reactions) and
an ion-transfer process (intercalation and amalgam formation AuAs reactions), the monolayer charges and stripping curve indicated
the deposition of As can be explained by Frumkin isotherm model
[36,37].
3.4. Determination of As(III)
The stripping voltammetric technique is known to be one of the
most sensitive techniques in the electroanalysis of trace metal in
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different samples. Determination of As(III) using ASV involves two
steps: (i) deposition of As(0) and (ii) anodic stripping of deposited
As(0). Different diameters (d0, d1, d2 and d3) of Au-MEs were
applied successfully to the electroanalysis of As(III) using SWASV.
Experimental conditions, such as supporting electrolytes, pH
values, deposition potential and deposition time were optimized as
shown in Fig. S2. Fig. 3a–d show the typical SWASV responses of As
(III) at d0, d1, d2 and d3 of Au-ME in 0.5 M H2SO4 solution,
Edep = 0.4 V, with a scan rate of 100 mV/s and a deposition time of
120 s. The oxidation peak of As(III) was located at around + 0.20 V,
which was in agreement with the cyclic voltammetry in Fig. 2a. The
sensitivity was obtained from the slope of the calibration plot after
the addition of As(III). As the diameters decreased to d3, the peak
current linearly increased with increasing As(III) concentration up
to 50 ppb to achieve a saturation plateau. The sensitivities toward
As(III) of the etched Au-ME were 4.6, 5.3, 5.6 and 6.8 mA cm2
ppb1. The limit of detection (3s method) was calculated at 7.24,
6.06, 5.3 and 2.6 ppb. These values agreed with our previous work
of 0.472 nA ppb1 and 5.01 ppb in the concentration range of 10 to
100 ppb in N2H42HCl (pH = 0.5) [16].
Considering comparative measurements with a decrease in the
etching gold diameters decreased, the micro-wire electrodes had
higher sensitivity and lower limit of detection [20,25]. A
comparison of sensitivities and LODs toward As(III) detection is
summarized in Table 1. For example, with a decrease in diameter
from 25.67 to 15.41 mm, the sensitivity increased 1.5-fold and the
LOD decreased 2.8-fold. Therefore, the current density increased
with diminishing diameter of the wire electrode, indicating that
small-diameter electrodes should have greater speciﬁc sensitivity.
This may facilitate the continuing use of gold ultramicroelectrode
arrays in ﬁeld-portable or in situ instrumentation [38].
The number of As(0) atoms deposited on the Au-ME was
obtained from the charge consumed during the stripping of As(0)
from the electrode surface by LSV at a particular sweep rate
(100 mV/s) [22]. The stripping peak of arsenic using a 120 s
deposition time, and 100 ppb As(III) in 0.5 M H2SO4 resulted in a
total integrating charge of 2.46 mC. The charge theoretically
calculated for the deposition of monolayer coverage of As(0) on
the UME electrode was 3.07 mC. Comparison of the calculated
value with the experimentally observed value implies that 80% of
the UME surface is covered by As(0). In fact d0, d1, d2 and d3 gold
wire microelectrode coverage of 80.1%, 84.6%, 73.2% and 78.3%
coverage was compared. So, the less than monolayer As(0) deposit
as a function of coverage was depicted for heterogeneous electron
transfer.

Fig. 2. Plots of kinetic feature, surface-conﬁned process at 25 mm Au-ME a) cyclic voltammetry in 0.5 M H2SO4 at different square root scan rates from 0.1 to 1.0 V/s, adding
1.0 ppm As(III) at Edep = 0.4 V for 120 s; the peak current proportionally increased with scan rate, meaning i / n; b) cyclic voltammetry in 0.25 M HCl at different square root
scan rates from 0.1 to 1.0 V/s, adding 1.0 ppm As(V) at Edep = 0.8 V for 60 s; the peak current also proportionally increased with scan rate, also meaning i / n.
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Fig. 3. Determination of As(III). The supporting electrolyte is 0.5 M H2SO4, the deposition potential is 0.4 V, scan rate is 0.1 V/s, and deposition time is 120 s. The gold
microwire electrode diameters of a) d0 = 25.67 mm, b) d1 = 21.06 mm, c) d2 = 17.11 mm, d) d3 = 15.46 mm.

Table 1
Comparison Sensitivities and LODs for determination of As(III) and As(V).
Comparison of Sensitivity (Sens.) and LOD
Gold wire diameter/mm

d0
d1
d2
d3

As(III)

25.67
21.06
17.11
15.46

As(V)

Sens. / mA cm2 ppb1

LOD/ppb

Sens. / mA cm2 ppb1

LOD / ppb

4.6
5.3
5.6
6.8

7.2
6.1
5.3
2.6

1.6
2.3
2.4
2.6

9.9
6.2
4.2
3.9

3.5. Determination of As(V)
Because of the kinetic difﬁculty of direct electro-reduction to As
(0) and its perceived electro-inactivity, ASV analysis of As(V)
usually was conducted by chemical reduction followed by ASV
analysis on Au-based electrodes [39,40]. Previous work, however,
has suggested that direct electro-reduction of As(V) may well be
facilitated by using Au-ME [16,19,41].
Additionally, d0, d1, d2 and d3 of Au-MEs were applied
successfully to the electroanalysis of As(V) with SWASV. Experimental conditions were optimized as shown in Fig. S3. H2SO4 and
HNO3 were not chosen because they lack a voltammetric response
to detect As(V), whereas dramatically higher stripping currents
result when HCl is used as the supporting electrolyte. Fig. 4a–d
show the typical SWASV responses of As(V) at d0, d1, d2 and d3 AuME in 0.25 M HCl solution, Edep = 0.8 V, with a scan rate of
100 mV/s and deposition time of 60 s. Hydrogen bubbles forming
during the deposition period, however, caused poor reproducibility. The oxidation peak of As(V) was located at around + 0.15 V,
which slightly shifted to negative potentials compared with the
cyclic voltammetry in Fig. 2b. Considering the electrolyte
difference between H2SO4 and HCl, the determination of As(V)
was attributed to the stripping of deposited As(0) to As(III).

Although this peak was observed for a different arsenic species, the
response was to the same redox couple [As(0)/As(III)] taking place
in the solution. Majid et al. reported the determination of As(III)
using Au-particle electrodeposition with two anodic peaks in 1 M
HCl [42]. One predominant peak at 0.32 V was associated with Cl
ions and a less intense peak at 0.16 V was attributed to the stripping
of As(0). Dai et al., however, had observed only one peak at 0.13 V
for the stripping of As(0) in 1 M HCl [5].
The coverage of As(0) atoms deposited on the d0, d1, d2 and d3 of
Au-MEs using 60 s deposition time, and 100 ppb As(V) in 0.25 M
HCl was calculated for 33.9%, 25.4%, 21.5% and 19.5%. The As(0)
deposit coverage for As(V) was less than that for As(III) deposition,
which proved that more hydrogen hindered the heterogeneous
electron transfer and As(V) reduction had a slower reaction
compared with As(III) deposition. The derivative peak height could
be seen to increase initially linearly (linear range 80, 40, 30 and
30 ppb) after which the responses slowly and gradually ﬂatten. The
sensitivity toward As(V) of Au-MEs were 1.6, 2.3, 2.4 and
2.6 mA cm2 ppb1, which is about 65% less than the sensitivity
for As(III), mostly because the deposition step at 0.8 V took place
in the presence of hydrogen, which blocks the electrode surface
and lowers its apparent surface area. The LODs were calculated to
be 9.9, 6.2, 4.2 and 3.9 ppb, which were slightly greater in the
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Fig. 4. Determination of As(V). The supporting electrolyte is 0.25 M HCl, the deposition potential is 0.8 V, scan rate is 0.1 V/s, deposition time is 60 s. The gold microwire
electrode diameter of a) d0 = 25.67 mm, b) d1 = 21.06 mm, c) d2 = 17.11 mm, d) d3 = 15.46 mm.

presence of dissolved oxygen. Thus, with these decreased
diameters, the sensitivity also increased 1.6-fold and the LOD
decreased 2.5-fold (Fig. 5).
3.6. Possible mechanism for determination of As(III) and As(V)
Although many various working electrode types have been used
to further this analytical procedure, little work has been conducted
to study the mechanism of the electrochemical reaction that
occurs during the deposition and stripping of arsenic deposited on
gold electrodes [10,21]. Further comprehension of the

pre-concentration of As(0) and its electro-oxidation on Au-based
electrodes is substantially increasing the sensitivity for ASV
analysis of As(III) and/or As(V). Considering the optimization for
detection As(V), HCl was chosen as the supporting electrolyte.
Accordingly, Cl might act as ionic bridge facilitating arsenite
reduction or enabling a strongly complex arsenic, AsCl3 [38].
According to the category of chemical reaction, however, the
electrode reaction is a special heterogeneous catalytic redox
reaction, which relates to the presence of double layer and surface
electric ﬁeld on the electrode surface. To some extent, we can
arbitrarily and continually change the activation energy and the

Fig. 5. The mechanism for the determination of As(III) and As(V). a) the determination of As(III) in H2SO4 electrolyte; b) the determination of As(V) in HCl electrolyte. The gold
wire diameter is d3 = 15.46 mm.
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rate of electrode reaction, with the possibility of optionally
controlling the catalytic activity and the reaction conditions on
the electrode surface. So, with 0.25 M HCl supporting as the
electrolyte, hydrogen was generated at the gold wire working
electrode, and meanwhile chlorine was generated at the counter
electrode under sufﬁcient negative potential (Edep = 0.8 V) for
more active energy. Then chlorine became the active chlorine then
converted to HOCl (main ingredient, hypochlorous acid), and
arsenate was reduced chemically to arsenite, with an electrocatalysis regulating the active energy, similar to electro-Fenton
reactions [43,44]. Then, the As(III) experienced 3-electron reduction to As(0). So, with the active chlorine participate in the electroreduction, under sufﬁcient negative potential, the arsenate is
supposed to experience two step to electro-reduce to As(0).
H3AsO4 + Cl = H3AsO3 + OCl,

(3)

H3AsO3 + 3H+ + 3e = As(0) + 3H2O.

(4)

For Edep more negative than 0.8 V, however, deposition
efﬁciency decreased because of subsequent hydrogen blocking
the surface, which in turn decreased the current and resulted in
poor reproducibility. To address this problem, 1 mM fresh NaBH4
was added while the current peak decreased, further conﬁrming
that the emerging H2 partially blocking the active sites obstructs
the deposited As(0). Thus, the deposition potential is critical to
control active chlorine while hydrogen bubbles partially block the
electrode.
For comparison, in 0.5 M H2SO4, 10–30 ppb As(V) was ﬁrstly
added, then 10–50 ppb As(III) was added gradually. The electrochemical parameters were set for the determination of As(III) in
0.5 M H2SO4. The peak current was proportional to the concentration of As(III) and was not affected by the initial presence of As(V).
For the sulfuric media, the SO2
4 ions were bulkier and less
complexing, resulting in a lower coordination number with the
As(V). Then, in 0.25 M HCl, 10–40 ppb As(III) was added ﬁrstly, then
10–20 ppb As(V) was added gradually. The electrochemical
parameters were also set to detect As(V) in 0.25 M HCl. As
expected, the peak current initially increased with the As(III)
concentration, and then it rose continually with the addition of As
(V). It could be inferred that As(III) was electrochemically reduced
to As(0) directly, whereas As(V) came through chemical and
electrochemical reduction to As(0). As shown in Fig. S4a in 0.5 M

H2SO4, 5–45 ppb As(III) was added ﬁrst, which increased proportionally with the As(III) concentration; then 10–40 ppb As(V) was
added, and no increased voltammetric response was found, which
agreed well with Fig. 6a. As shown in Fig. S4b in 0.5 M H2SO4,
10 ppb As(III) was added, ﬁrst; then 10–30 ppb As(V) was added,
with a slight decrease found for competing adsorption; and ﬁnally
20–50 ppb As(III) was added continually. As shown in Fig. S4c in
0.25 M HCl, 40 ppb As(V) was added ﬁrst to 0.25 M HCl, which
increased proportionally with As(V) concentration; and then
20 ppb As(III) was added until a continual increased voltammetric
response was observed up to the saturation plateau. As shown in
Fig. S4d, in 0.25 M HCl, the addition sequence was 10 ppb As(V),
20 ppb As(III), and 20 ppb As(V), and a proportional increase was
observed with concentration, whereas the slope was steeper for As
(III) than for As(V), which could mean that the chemical–reduction
of As(V) to As(III) was rate–determining. In brief, we studied the
deposition mechanism of As(III) and As(V). As(V) was supposed to
ﬁrst chemically reduce to As(III), and then electrochemically
reduce to As(0), and this chemical  reduction was rate  limiting.
3.7. Interferences
When applying the SWASV method for interference measurements, UME presented decreased electrode response sensitivity for
arsenic, which was a different behavior from that observed for
modiﬁed macroelectrode. For example, Feeney reported that at a
1:1 concentration ratio, Pb(II), Hg(II), and Cu(II) caused a 10%, 30%
and 65% decrease in the arsenic stripping current on Au
ultramicroelectrode arrays [38]. In our work, when interference
ions concentration was larger than 1:1, signiﬁcant interference
with the arsenic deposition process were noted. Heavy metal
interference ions such as cadmium, mercury, lead, copper, and
humic acid (HA) were chosen for interference measurements,
which were performed at Au-ME to detect As(III) and As(V) under
optimal experimental conditions. Figs. S5 and S6 present the
SWASV responses toward 10 ppb As(III) and As(V) with the
addition of 10 ppb various interference ions and HA because of
weak anti-interference ability.
The interference results of Cd(II), Hg(II), Pb(II), Cu(II), and HA
collected from SWASV response are summarized in Fig. 7. No
obvious sensitivity change could be observed by adding 10 ppb Hg
(II), Pb(II) and HA, which indicated that no interference was caused
on the surface deposition process. While the sensitivity of peak

Fig. 6. The interaction interference of detection As(III) and As(V). a) 30 ppb As(V) was added, ﬁrst, and then 50 ppb As(III) was added gradually in 0.5 M H2SO4 electrolyte; b)
40 ppb As(III) was added, ﬁrst, and then 20 ppb As(V) was added gradually in 0.25 M HCl electrolyte. The gold wire diameter d3 is 15.46 mm.
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4. Conclusions
In summary, we have performed a detailed study on the
electrochemical behavior of As(III) and As(V) on etched Au-ME. The
Au-ME kinetics is a surface  conﬁned process. Through controllable electrochemically etched gold wire, thinner Au-MEs demonstrate increased sensitivities and reduced LODs. However, the
generating hydrogen lowers the sensitivities toward As(V) and
decreases the As(0) monolayer coverage lower than As(III)
detection. For the deposition of As(V) in HCl electrolyte, As(V)
would ﬁrst chemically reduce to As(III) with the help of active
chlorine, and then experience electrochemically reduce to As(0).
The chemical reduction of As(V) is rate–limited, which is different
from the As(III) deposition.
Acknowledgements

Fig. 7. The interference of different heavy metal ions include Cd(II), Hg(II), Pb(II), Cu
(II), and HA toward the determination of As(III) and As(V), because of the weak antiinterference ability, and an interference ions concentration of 1:1 were added. The
black bar represents the interference toward As(III), whereas the red bar represents
the interference toward As(V).

current for As(III) decreased by 6.3% and 6.8% in the presence of Cd
(II) and Cu(II),respectively. This result indicates that a competitive
adsorption behavior of Cd(II) occurred on the electrode surface and
resulted in the formation of intermetallic compounds such as,
Cu3As2. Under the same experimental conditions for As(V), only a
1.6% stripping current decrease was found for adding Cd(II) and no
interference resulted in the presence of Cu(II). It is known that Cu
(II) was a major interference in the ASV detection of As(III).
However, no interference for detecting As(V) may mean that
generating hydrogen bubbles obstruct copper oxidation or that
active chlorine hinders the formation of Cu  As complex.
3.8. Real sample analysis
For the evaluation of the practical application of the etched AuME, real spiked water samples were collected from different
locations in Anhui Province, China. The water samples were diluted
with 0.5 M H2SO4 solution in a concentration ratio of 1:1 for As(III)
detection and 0.25 M HCl electrolyte in a ratio of 4:1 for As(V)
detection, and no further treatment was done. The studies were
conducted in collected water samples with known concentrations
of As(III) and As(V). As presented in Table 2, the recovery was found
to be 96.0%, 91.6% and 92.4%.

Table 2
Analysis of As(III) and As(V) in real water.
Detection of spiked As(III) and As(V) in real water (n = 3)
sample

Dongpu reservior
Mengcheng groundwater
Lixin groundwater

As(III)

As(V)

Added
(ppb)

Found
(ppb)

Added
(ppb)

Found
(ppb)

5
5
5

4.8
4.6
4.9

5
5
5

4.8
4.56
4.34

RSD
(%)

Recovery
(%)

1.21
0.97
1.06

96.0
91.6
92.4

Note: The sources of the water are from Dongpu Reservoir, Mengcheng and Lixin
groundwater.
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