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ABSTRACT: Most gold nanoparticle-based electrodes have been utilized for the
analysis of highly toxic As(III), while nano-Fe3O4 materials are currently
attracting considerable interest as an adsorbent for the removal of As(III).
However, the combination of gold nanoparticles with Fe3O4 nanoadsorbents for
stripping voltammetry is, to the best of our knowledge, unexplored. Here, a
sensing interface for ultrasensitive detection of As(III) is designed and
constructed by abundantly dispersing Au nanoparticles (Au NPs) on the surface
of the Fe3O4 nanosphere. The Au@Fe3O4 nanospheres are covered by the room
temperature ionic liquid (RTIL) and then modiﬁed on the screen-printed carbon
electrode (SPCE). By combining the excellent catalytic properties of the Au
nanoparticles (∼3−9 nm in diameter) with the good adsorption capacity of
Fe3O4 nanospheres toward As(III), as well as the good conductivity of RTIL, the
Au@Fe3O4-RTIL shows excellent performance in the detection of arsenic under
nearly neutral conditions without modifying the morphology of the sensing interface. Through optimization of the experimental
conditions, an ultrahigh sensitivity of 458.66 μA ppb−1 cm−2 from 0.1 to 1 ppb with a detection limit (3σ method) of 0.0022 ppb
was obtained. The reproducibility and reliability of the Au@Fe3O4-RTIL sensing interface was also evaluated with good results.
Finally, we used this platform to analyze real samples.

A

Au ultramicroelectrode disk arrays (Au-UMEA). This was
fabricated using electron beam evaporation. Jena and Raj10
measured As(III) using a Au nanoelectrode ensemble (AuNEE) and achieved a high sensitivity of 41.32 μA ppb−1 cm−2
with a limit of detection (LOD) of 0.02 ppb in 1 M HCl.
Hossain et al.11 measured As(III) in 3 M HCl by linear sweep
voltammetry (LSV) on a Au nanoparticle-modiﬁed glassy
carbon electrode (Au NPs/GCE) and got a sensitivity of 4.21
μA ppb−1 cm−2. Compton’s group12 investigated As(III)
detection in 0.1 M HCl by SWASV on Au nanoparticlemodiﬁed carbon nanotubes (Au NPs-CNTs) with a sensitivity
of 15.68 μA ppb−1 cm−2. They also used Au nanoparticlemodiﬁed glassy carbon microspheres (Au NP-GC GCE) with a
sensitivity of 0.032 μA ppb−1 cm−2 for As(III) detection in 1 M
H2SO4.13 Rahman et al.14 prepared Au(111)-like polycrystalline
Au electrode for As(III) determination in 0.1 M PBS (pH = 1)
with a sensitivity of 35.64 μA ppb−1 cm−2 and a LOD of 0.28
ppb. Dai et al.4 used the mean radius of 11 nm Au-modiﬁed
electrode to determine As(III) in 1 M HCl by LSV and
obtained a sensitivity of 32.43 μA ppb−1 cm−2. Other

rsenic contamination in drinking water occurs as a
trivalent arsenite [As(III)] and pentavalent arsenate
[As(V)]; it is a serious threat to public health. Long-term
exposure to arsenic-contaminated water can cause many
adverse health problems.1−3 There are about 20 countries
around the world suﬀering from the arsenic contamination.
Here, levels are higher than the World Health Organization
(WHO) provisional guideline value of 10 μg L−1 (10 ppb).2,4
Therefore, arsenic poisoning is an urgent problem requiring
immediately detection strategies. To date, a variety of analytical
methods have been applied to detect arsenic including
inductively coupled plasma mass spectrometry,5 atomic
ﬂuorescence spectrometry,6 and graphite furnace atomic
adsorption spectrometry.7 In contrast to these methods,
electrochemical techniques provide a rapid, cheap, and portable
means for the determination of arsenic.
As reported in the literature, various electrodes have been
employed to measure arsenic such as As(III)-speciﬁc ligands,
enzymes, carbon nanotubes (CNTs), graphene, and noble
metals (gold silver and platinum).8 Many electrodes have been
developed for the analysis of arsenic, and Au is a superior
substrate as the working electrode of the solid metal substrates.
For example, Feeney et al.9 found a sensitivity of 69.07 μA
ppb−1 cm−2 in 2 M HCl with square wave anodic stripping
voltammetry (SWASV) for the determination of As(III) on a
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approaches include that of Gu and coauthors15 who detected
As(III) in 0.5 M H2SO4 media on Au NPs/GCE with a LOD of
0.07 ppb and a sensitivity of 17.93 μA ppb−1 cm−2. Wang et
al.16 synthesized Au-decorated Te hybrids to detect As(III) and
got a LOD of 0.0026 ppb. Very recently, Chen et al.17 used Au
NP-coated GCE to detect As(III) in 0.1 M PBS (pH = 5)
containing 0.01 M EDTA with a sensitivity of 17.93 μA ppb−1
cm−2 by SWASV.
Gold nanoparticle-based electrodes have signiﬁcantly diﬀerent performances, e.g., the sensitivities of 69.07 μA ppb−1 cm−2
at Au-UMEA9 and of 41.32 μA ppb−1 cm−2 at Au-NEE10 were
achieved; these are almost 3 orders of magnitude higher than
that at AuNP-GC GCE (0.032 μA ppb−1 cm−2)13 and reﬂects a
high dependence of voltammetric behavior on the dimensionality and morphology of nanomaterial-modiﬁed electrodes.
Indeed, the construction of gold nanostructures with well
controlled morphology on electrodes was not easy to obtain
and repeat due to the use of surfactants during the preparation
process as well as the surface tension of the bare electrode
during modiﬁcation.18 It is no doubt that the materials with
regular morphology are not diﬃcult to prepare currently, but a
uniform and controllable distribution of prepared nanomaterials on the surface of electrodes are exactly complex. As reported
by Jena,10 the highly homogeneous AuNPs were synthesized
directly on the surface of electrode which used to form Au
nanoelectrode ensemble owning a signiﬁcant performance
compared with the common AuNPs modiﬁed electrodes, i.e.,
after preparation of nanomaterials separately, it is diﬃcult to
obtain a uniform distribution on the surface of the electrode.
Otherwise, although these electrodes were promising, Au-based
electrodes are used in strongly acidic media that restricts the
applications. Considering these limitations, developing an easily
constructed electrode with outstanding arsenic detection
performance without extensive morphology control is an
urgent and important research eﬀort.
Recently, Fe3O4 nanocrystals have received much attention
for arsenic removal because of their excellent adsorption
ability.19−23 The electrochemical behavior was closely bound to
the adsorption ability.24−26 We have explored the determination of As(III) based on Fe3O4-room temperature ionic
liquid screen-printed carbon electrode (RTIL SPCE).27 As(III)
was eﬃciently adsorbed by Fe3O4 microspheres and subsequently released (desorbed and diﬀused) to the surface of the
SPCE where the oxidation of As(0) gave the voltammetric
signal. Furthermore, the stripping behaviors of As(III) on
(100)-bound cubic and (111)-bound octahedral Fe3O4 nanocrystals are facet-dependent. The greatly enhanced sensitivity is
due to the high adsorptivity of the Fe3O4 (111) facet toward
As(III). It can accumulate more As(III) on the modiﬁed
electrode surface.20
Inspired by the excellent catalytic properties due to the small
size of the Au nanoparticles28−31 as well as the good adsorption
ability of the Fe3O4 nanosphere toward arsenic, we report here
the concept of adsorbent-assisted in situ electrocatalysis for
ultrasensitive detection of As(III) on the Fe3O4 nanosphere
densely decorated with Au nanoparticles. The RTIL provides
the necessary conduction pathways for electrons because of its
good intrinsic conductivity, wide electrochemical windows, and
high chemical and thermal stability.32,33 The use of fabricated
electrodes oﬀered outstanding performance for As(III)
detection. The Au NPs catalyst and Fe3O4 nanosphere
adsorbent worked synergistically with no issue of morphology
control. The redox of As(III) occurred with direct catalysis on

the Au NPs surface in situ without diﬀusing to SPCE after being
adsorbed by Fe3O4 nanosphere. First, the synthesized Au@
Fe3O4 nanosphere was investigated by scanning electron
microscopy (SEM), transmission electron microscopy
(TEM), X-ray diﬀraction (XRD), and energy dispersive
spectroscopy (EDS). Next, arsenic detection was studied by
SWASV. The SWASV signal had higher sensitivity than
commonly used gold-based electrodes. The interference,
stability, and analysis of spiked As(III) in real samples were
also studied.

■

EXPERIMENTAL SECTION
Chemical Reagents. The 1-butyl-2,3-dimethylimidazolium
bis- (triﬂuoromethanesulfon-yl)imide ([C4dmim][NTf2]) was
supplied by Merck KGaA (Darmstadt, Germany). Ferric
chloride (FeCl3·6H2O), ethylene glycol (EG), polyethylene
glycol (PEG), NaBH4, Na3citrate, and K3[Fe(CN)6] were
purchased from Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China. Hydrogen tetrachloroaurate (HAuCl4·
3H2O) and 3-aminopropyl-trimethoxysilane (APTMS) were
purchased from Alfa Aesar, Tianjin, China. All reagents and
solvents used in this study were analytical grade and used
without further puriﬁcation. Phosphate buﬀer solutions (PBS;
0.1 M) were prepared by mixing stock solutions of 0.1 M
H3PO4, KH2PO4, Na2HPO4, and NaOH. Acetate buﬀer
solutions of 0.1 M with diﬀerent pH were prepared by mixing
stock solutions of 0.1 M NaAc and HAc. The NH4Cl-NH3·H2O
(0.1 M) solution was prepared by mixing stock solutions of 0.1
M NH4Cl and NH3·H2O in diﬀerent proportions. Deionized
(DI) water (18.2 MΩ cm) was used to prepare all solutions and
was puriﬁed with the NANO pure Diamond UV water system.
All experiments were carried out at 295 ± 3K.
Apparatus. Electrochemical measurements were performed
with SPCEs (DeltBio, Shanghai, China). The electrochemical
cell consists of a three-electrode arrangement with a glassy
carbon electrode (3 mm diameter) serving as the working
electrode; carbon served as the counter electrode. A silver
pseudoreference electrode completes the circuit. All measurements were performed with a CHI 660D computer-controlled
potentiostat (ChenHua Instruments Co., Shanghai, China).
The SEM images were taken using a ﬁeld-emission scanning
electron microscope (FESEM, Quanta 200 FEG, FEI
Company). The TEM and HRTEM as well as EDS analyses
were performed using a JEM-2010 transmission electron
microscope operating at 200 kV (quantitative method, Cliﬀ
Lorimer thin ratio section). The X-ray diﬀraction (XRD)
patterns of the samples were obtained with a Philips X’Pert Pro
X-ray diﬀractometer with Cu Kα radiation (1.5418 Å).
Fabrication of Au@Fe3O4-RTIL Modiﬁed ScreenPrinted Carbon Electrode. Preparation of the Fe3 O4
microspheres, Au nanoparticle and Au@Fe3O4 nanostructures
are shown in the Supporting Information. The RTIL
([C4dmim][NTf2] was dispersed into absolute alcohol at a
volume ratio of 1:200 with ultrasonic agitation for 5 min. Then
the synthesized Au@Fe3O4 nanostructures were added to the
RTIL solution and ultrasonicated for 3 min to obtain a 1.0 mg
mL−1 suspension. To fabricate the modiﬁed electrode, 6 μL of
the suspension was pipetted onto the surface of the carbon
working electrode in SPCE and evaporated under room
temperature to obtain the Au@Fe3O4-RTIL SPCE. For
comparison, Au-RTIL, Fe3O4-RTIL, and Au@Fe3O4 SPCE
were similarly prepared.
1155

DOI: 10.1021/acs.analchem.5b02947
Anal. Chem. 2016, 88, 1154−1161

Article

Analytical Chemistry
Electrochemical Detection of As(III)/As(V). The Au@
Fe3O4-RTIL SPCE served as the working electrode for arsenic
detection with square wave anodic stripping voltammetry
(SWASV) under optimized conditions. The as-prepared Au@
Fe3O4-RTIL SPCE was dipped in a stirred analyte solution of
0.1 M PBS (pH 5.0) containing As(III) and kept at −1.1 V for
120 s. The anodic stripping was performed from −0.6 to 0.6 V
with the following parameters: frequency, 15 Hz; amplitude, 25
mV; increment potential, 4 mV; vs Ag. After each measurement, the modiﬁed electrode was regenerated in a freshly
stirred supporting electrolyte by desorption at 0.6 V for 120 s to
remove the previous residual As(0) from the electrode surface.
For comparison, other modiﬁed electrodes used the same
process and conditions.

independent coplanar microspheres. Keeping d > 20r was
necessary for individual independent diﬀusion. If not, the
adjacent diﬀusion layers overlap and seriously decrease values
of d. When d is far below 20r, there was complete overlap and a
linear concentration proﬁle like the diﬀusion of a macrodisc.
In our system, the mean distance was 2.6 nm (Figure S1,
Supporting Information) versus the mean diameter of 5.4 nm
Au particle (Figure 1b; detailed information on Au@Fe3O4 will

■

RESULTS AND DISCUSSION
Detection Strategy of Arsenic. Scheme 1 illustrates the
detection strategy of As(III) based on the good adsorption
Scheme 1. Schematic of Adsorbent Assisted in Situ
Electrocatalysis for As(III) Detection Based on Chemical
Architectural Design Taking Advantage of the Synergy
between Electrocatalysis of Au NPs and Adsorption of Fe3O4
Nanosphere at Au@Fe3O4-RTIL SPCE

Figure 1. (a) SEM, (b) TEM, and (c) HRTEM images of Au@Fe3O4
nanostructures. (d) XRD pattern of Au@Fe3O4 nanostructures as well
as the standard data. (e) Electron energy loss: Fe, O, and Au element
mapping images of the Au@Fe3O4 nanospheres. Inset in panel b is the
particle size distribution of Au NPs.

be discussed in Figure 1). It is clear that the separation distance
between adjacent Au nanoparticles will cause heavily overlapping diﬀusion layers and subsequently generate a voltammetric response equivalent to a gold macrodisc electrode as was
found in gold nanoparticle-modiﬁed glassy carbon microspheres.13 The Au@Fe3O4 nanoparticles which away from the
conductive electrodes are electrically aﬀected by the electrode
and electrons could be transferred from the electrode to those
nanoparticles through the interconnection of AuNPs densely
covering on the surface of every Fe3O4 microspheres.
Morphologic and Structure Characterization of Au@
Fe3O4 Nanostructures. Figure 1a is the SEM image of the
Au@Fe3O4 nanostructures. Because of the minisize of AuNPs,
the SEM of Au in Figure 1a is not clear while the TEM is
showing distinctly in Figure 1b. The AuNPs exhibit a size
distribution between 3 and 9 nm (mean diameter is 5.4 nm)
with a spherical shape. The Fe3O4 microspheres are densely
covered with Au (TEM shown in Figure 1b and inset). As
shown in Figure 1c, the interplanar spacing clearly diﬀerentiated 0.24 and 0.49 nm; these are the (111) plane of the Au
cubic phase and Fe3O4 cubic inverse spinel phase, respectively.
The X-ray diﬀraction (XRD) pattern of the Au@Fe3O4 can be
perfectly indexed to the pattern for Au (JCPDS No. 040784)
and Fe3O4 (JCPDS No. 65-3107) (Figure 1d). The diﬀraction

ability of Fe3O4 microsphere and the excellent catalytic
properties of Au NPs. The As(III) is ﬁrst adsorbed on the
surface of the Fe3O4 nanosphere where Au is abundantly
distributed. The redox of As(III) occurs on the surface of the
Au NPs and consequently produces a stripping arsenic peak. As
previously found, microelectrode arrays are increasingly popular
in electroanalytical applications because various arrays containing smaller micro/nanoelectrodes can be designed in both
regular and random distributions.13,34−38 Interestingly, metal
nanoparticle-modiﬁed electrodes can be considered as random
arrays of microelectrodes, and the voltammetric behavior of the
electrode is strongly dependent on their separation distance (d)
between the individual nanoparticles.7,36,39 According to theory
of Davies et al.,36 the inequality d > 2{2D(ΔE/v)}1/2 avoids
diﬀusion zone overlap (known as shielding eﬀects). Fletcher
and Horne34 showed a similar rule in array design. They used
the inequality (I2/2I1) = 95% with d/r > 20 where I2 is the
steady-state diﬀusion-limited current at two interfering coplanar
microspheres, and I1 is diﬀusion-limited current at two
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Figure 2. (a) Typical SWASV responses of As(III) and As(V) at Au@Fe3O4-RTIL SPCE in diﬀerent concentration ranges. (b) Corresponding linear
calibration plots of peak current against As(III) concentrations from 0.1 to 10 ppb; insets in panel b are schematics of in situ electrocatalysis for
As(III) detection at the low level and the high level. (c) SWASV responses of As(V) in diﬀerent concentrations. (d) Corresponding linear calibration
plots of peak current against As(V) concentrations from 0.4 to 10 ppb; inset in panel d is from 0.4 to 1 ppb. Supporting electrolyte: 0.1 M PBS (pH
5.0). Deposition potential, −1.1 V; deposition time, 120 s; amplitude, 25 mV; increment potential, 4 mV; and frequency, 15 Hz. The dotted line in
panels a and c refers to the baseline.

conductivity of Au and RTIL could promote the electron
transfer process (Figure S3b). The real electrochemical surface
areas (ECSA) are characterized by cyclic voltammetric in 5 mM
Fe(CN)63‑/4‑ containing 0.1 M KCl at various scan rates which
are shown in Figure S4. According to the Randles−Sevcik
equation, ip = (2.69 × 105)n3/2ACD1/2v1/2, the ECSA of the bare
SPCE, Fe3O4-RTIL, Au-RTIL, Au@Fe3O4, and Au@Fe3O4RTIL loading on SPCEs are calculated to be 0.0043, 0.00529,
0.0342, 0.0081, and 0.0099 cm−2, respectively. This result
further indicates that the introduction of Au and RTIL could
greatly enhance the electrochemical active electrode surface. To
compare diﬀerent electrodes, the sensitivities mentioned in this
article are all normalized by ECSA.
Electrochemical Detection of Arsenic. The electrochemical response of the Au@Fe3O4-RTIL SPCE toward
As(III) is ﬁrst examined by cyclic voltammetry in 0.1 M PBS
containing 1 ppm As(III) (Figure S5). The voltammetric peaks
observed at −0.36 and 0.09 V are ascribed to the oxidation of
As(0) to As(III) and As(III) to As(V). The sharp peak
observed at −0.55 V corresponds to the reduction of As(III) to
As(0). The low sensitivity of CV and electrochemically
irreducible of As(V)40 explains why there is no voltammetric
peak for the As(V) to As(III).
To obtain better performance for arsenic detection, the
experimental parameters (supporting electrolytes, pH value,
deposition potential, deposition time, and the mass of
modiﬁcation) are optimized in solution containing 1 ppb
As(III) (see the Supporting Information for details; Figures S6
and S7). We studied bare, Au-RTIL, Fe3O4-RTIL, Au@Fe3O4,
and Au@Fe3O4-RTIL SPCE for the analysis of As(III) under
the optimal conditions to clarify the individual roles of AuNPs
and Fe3O4 microsphere for detection of As(III).

peak labeled by the star is the (111) plane of the Au cubic
phase; the other peaks are indexed to the Fe3O4 cubic inverse
spinel phase. As shown, the peak of the Au-(111) plane is more
intense than the others indicating that (111) is the
predominant orientation. Therefore, this characterization
conﬁrms the preparation of Au@Fe3O4.
The EDS visually characterized the nanostructure of Au@
Fe3O4 with electron mapping image analysis. The images are
acquired by visualizing the inelastically scattered electrons in
the energy loss windows for elemental Fe, O, and Au with
diﬀerent color areas (Figure 1e). The amount of Au is only 1.42
atomic % in Au@Fe3O4 giving Figure S2.
Electrochemical Characterization of Au@Fe3O4-RTIL
Modiﬁed SPCE. Cyclic voltammetry and impedance techniques are powerful tools to probe the nature of the modiﬁed
electrodes and the inﬂuence of nanoparticles on electrontransfer kinetics. The cyclic voltammograms (CV) of bare
SPCE, Fe3O4-RTIL, Au@Fe3O4, Au@Fe3O4-RTIL, and AuRTIL SPCE are studied in Figure S3. The peak current of bare
SPCE, Fe3O4-RTIL, Au@Fe3O4, Au@Fe3O4-RTIL, and AuRTIL gradually increase indicating that the Au and RTIL could
markedly increase the conductivity of the electrode. The bare
and Fe3O4-RTIL SPCE show poor electron-transfer kinetics for
the Fe(CN)63‑/4‑ redox couple with an obvious peak-to-peak
separation (ΔEp) of 600 mV revealing that the bare SPCE and
Fe3O4 impede the electron-transfer process. On the other hand,
the Au@Fe3O4-RTIL SPCE exhibits a reversible redox
response. Thus, the AuNPs on the surface of the Fe3O4
microsphere tunes the electrochemical characteristics of the
Fe3O4-RTIL SPCE and facilitates the electron-transfer reaction.
Electrochemical impedance spectroscopy (EIS) was also
investigated to estimate the capability of electron transfer of
modiﬁed SPCEs. The results further conﬁrm that the high
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Figure 2 shows the measurement of As(III) and As(V) on
Au@Fe3O4-RTIL SPCE. These have a sensitivity of 458.66 μA
ppb−1 cm−2 from 0.1 to 1 ppb and 86.89 μA ppb−1 cm−2 from 1
to 10 ppb for As(III) (Figure 2b). The LOD is 0.0022 ppb for
As(III). It is clear that two signiﬁcantly diﬀerent sensitivities
exist: one is at low As(III) levels (0.1−1 ppb) and another is at
higher levels (1−10 ppb). In the ﬁrst linear region (0.1−1 ppb),
the As(III) adsorbed by Fe3O4 will be catalyzed on the surface
of AuNPs immediately. At this stage, the synergistic eﬀect of
the excellent electrocatalytic activity of AuNPs toward As(III)
reduction and the strong adsorptivity of Fe3O4 surfaces is
strongly responsible for the higher sensitivity. However, when
As(III) is at higher levels (1−10 ppb), AuNPs will expose to
abundant As(III) in the bulk solution directly and then catalyze
these As(III) nearby at once. The adsorption eﬀect of Fe3O4
almost can be ignored. As such, a decreased sensitivity is
observed. The schematics of in situ electrocatalysis for As(III)
detection at the low level and the high level are shown in the
insets in Figure 2b. Indeed, many more studies and the
experimental evidence are necessary to clarify this in the future
work. This phenomenon indicates that such a sensing interface
is more suitable for low concentration detection which is
consistent with Jena’s work.10 In fact, two slopes are normally
found during detection.41−43 The SWASV peak current for the
oxidation of As(III) to As(V) is linear with the concentration of
As(III) from 0.4 to 10 ppb at peak potentials of 0.089 V (Figure
2c). The sensitivity is 21.57 μA ppb−1 cm−2 from 0.4 to 1 ppb
and 14.12 μA ppb−1 cm−2 from 1 to 10 ppb for As(V) (Figure
2d). Because of the stability of As(V) and kinetic limitations,
As(V) is more diﬃcult to measure than As(III) so an extremely
negative potential was required for its reduction.40,44,45
Therefore, its sensitivity was much lower than As(III) at
same electrode. This dual-signal for anodic stripping voltammetric determination of arsenic was also observed by Gu et
al.,15 and the sensitivity of As(V) here was better than those in
previous studies.15,46
For comparison, the sensitivities of bare (Figure S8a), AuRTIL (Figure S8b), Fe3O4-RTIL (Figure S8c), and Au@Fe3O4
SPCE (Figure S8d) toward As(III) are all explored with values
of 0.681, 4.827, 42.88, and 235.95 μA ppb−1 cm−2, respectively.
The sensitivities and LODs for As(III) on these electrodes as
well as Au@Fe3O4-RTIL SPCE are systematically compared in
Figure 3. The bare SPCE has no response to As(III) at low
concentrations. When the SPCE was modiﬁed with Au-RTIL,
the sensitivity exhibits a 8-fold increase that resulted from the
eﬃcient catalysis of AuNPs.28,29 Although Au was known to be
a poor catalyst in the bulk form, studies show that the
nanosized Au particles exhibit excellent catalytic activity.28,31
The Fe3O4-RTIL SPCE shows a higher sensitivity that is
ascribed to the high adsorptivity19 of Fe3O4 microspheres
toward As(III); this is consistent with our previous research.27
Combining the catalysis of Au NPs and the adsorptivity of the
Fe3O4 microsphere, the sensitivity of Au@Fe3O4 SPCE is better
than that of Au and Fe3O4 individually or even their sum. The
Fe3O4 is also considered to be a good supporter to maintain
AuNPs stability. These results indicate that the synergistic
eﬀects of Au NPs and Fe3O4 successfully and markedly enhance
the sensitivity of arsenic detection. With the high viscosity and
good intrinsic conductivity of RTIL, the sensitivity of Au@
Fe3O4-RTIL SPCE is about 2-fold that of Au@Fe3O4. With the
catalysis of AuNPs, the apparent activation energy Ea of As(0)
to As(III) will decrease resulting in an increase in current at the
same concentration toward As(III). This is why Au@Fe3O4-

Figure 3. Comparison of (a) sensitivities and (b) LODs for SWASV
detection of As(III) on bare, Au-RTIL, Fe3O4-RTIL, Au@Fe3O4, and
Au@Fe3O4-RTIL SPCE.

RTIL SPCE had higher sensitivity than Fe3O4-RTIL. As seen in
Table S1 (Supporting Information), the sensitivity (458.66 μA
ppb−1 cm−2) obtained for As(III) detection in this work is
higher than previous work. A high sensitivity means that a small
change of the concentration will cause a big electrochemical
signal changes which is beneﬁcial to detect low concentration.47
Compared to the voltammetric peaks of As(0) to As(III) on
diﬀerent electrodes in this work, we found interesting peak
potential shifts where the peak potential of bare and Fe3O4RTIL SPCE are both 0 V, while the peak potential of Au-RTIL,
the Au@Fe3O4, and Au@Fe3O4-RTIL SPCE are all at about
−0.36 V. The main factors that are known to inﬂuence the
As(III) anodic stripping peak current and potential are the
electrode materials, pH of solution, and Cl− concentration in
the electrolyte solution.44 In this work, we used the same
supporting electrolytes (0.1 M PBS) with the same pH value
(pH = 5.0) and without Cl−. Thus, the negative potential shift
is attributed to catalysis of Au NPs. A similar phenomenon of
negative shift in the peak potential has been found in many
reports into the electrocatalytic activity of Au NPs for the
oxidation enzyme.48−50 Furthermore, those researchers evaluated the electrocatalytic features of Au NPs through the shift
in the peak potential. Mardegan51 reported that the peak
potential relevant to As(III) reduction on Au nanoelectrode
ensemble exhibited a larger cathodic shift than that on a
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Figure 4. (a) SWASV response of 0.1−1 ppb As(III) at Au@Fe3O4-RTIL SPCE in the presence of 20 ppb Cu(II) in 0.1 M PBS solution (pH 5.0)
showing the interference of Cu(II) on As(III) anodic peak currents. (b) The corresponding linear calibration plot of peak current against As(III)
concentrations. (c) SWASV response of 1 ppb As(III) at Au@Fe3O4-RTIL SPCE in the presence of 10−60 ppb Cu(II) in 0.1 M PBS solution (pH
5.0) showing the interference of Cu(II) on the anodic peak currents of As(III). (d) The corresponding loss of arsenic signal as a function of Cu(II)
concentration.

conventional “macro” Au electrode. In our work, Au NPs
electrocatalysis decrease the electrochemical overpotential,
which inﬂuenced the electrochemical behavior for redox
couples. For an oxidation process, we noted that the Au NPs
electrocatalysis results in a cathodic shift of the peak potential.
Interferences. It is known that Cu(II) was a major
interference in the ASV detection of As(III). The interference
of Cu(II) for the detection of As(III) in the Au-based electrode
arose from the formation of intermetallic compounds such as
Cu3As2.10,11,52,53 The interference of Cu(II) toward the Au@
Fe3O4-RTIL SPCE for As(III) detection was also studied
(Figure 4). The SWASV measurements were performed for 0.1
to 1 ppb of As(III) at the Au@Fe3O4-RTIL SPCE in the
presence of 20 ppb Cu(II) (Figure 4a, b). Compared to the
sensitivity (458.66 μA ppb−1 cm−2) in the absence of Cu(II),
the sensitivity of the Au@Fe3O4-RTIL SPCE toward As(III) in
the presence of Cu(II) is 141.60 μA ppb−1 cm−2, which is 30%
of the former. The peak observed at −0.36 V corresponds to
the anodic oxidation of the deposited As(0), whereas the peak
at −0.038 V was the oxidation of Cu(0) to Cu(II). When the
concentration of As(III) is ﬁxed at 1 ppb, the loss of arsenic
signal as Cu(II) increases from 10 to 60 ppb (Figure 4c,d).
When the concentration of Cu(II) gradually increases, the
stripping peak currents gradually decreases and a new peak at
−0.29 V emerged (Figure 4c). This is attributed to the
formation of Cu−As intermetallic compounds. The decrease in
sensitivity can be attributed to competition for deposition sites
at the electrode surface by the interfering Cu(II) as well as the
formation of intermetallic compounds. Furthermore, the
interference of Cd(II), Hg(II), and Pb(II) toward the Au@
Fe3O4-RTIL SPCE for As(III) detection are also investigated
and shown in Figure S9. The results indicate that there is little

interference of Cd(II), Hg(II), Pb(II) for As(III) even the
common ions having much higher concentration. The stability
and reproducibility of the Au@Fe3O4-RTIL sensing interface
was also evaluated with good results (shown and discussed in
the Supporting Information and Figure S10).
Analysis of As(III) in Real Water. To demonstrate the
potential practical application of such a electrode, the Au@
Fe3O4-RTIL SPCE was used to detect As(III) in real water.
The real water was collected from the Dongpu Reservoir in
Hefei City, Anhui, China; we also used laboratory tap water.
Figure 5 shows the SWASV response of Dongpu Reservoir
(sample 1) spiked with 0.1 ppb As(III), and the inset shows the

Figure 5. Typical SWASV responses with standard additions of As(III)
into a real water sample diluted with 0.1 M PBS solution (pH 5.0) at a
ratio of 1:9. The inset is the corresponding linear calibration plot of
peak current against As(III).
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linear relationship (R2 = 0.996) against the As(III) concentration from 0.1 to 0.9 ppb. The analysis of tap water (samples
2−4 shown in Table 1) was also tested by adding As(III) at

and Development Program of China (863 Program) (Grant
2013AA065602), and the National Natural Science Foundation
of China (Grants 21475133, 21377131, and 61474122). X.
Chen thanks the Opening Project of State Key Laboratory of
High Performance Ceramics and Superﬁne Microstructure
(Grant SKL201312SIC) for ﬁnancial support.

Table 1. Detection of Spiked As(III) in Real Water at the
Au@Fe3O4-RTIL SPCE (n = 3)
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0.409

1.37
1.19
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1.30

98.7
99.0
99.3
102.0
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diﬀerent concentration levels. The recovery of As(III) was
determined using the SWASV through standard additions of
As(III) into the real samples. The recovery is from 90% to
110% and demonstrates the good practicality of the proposed
method as well as the practical applications of the electrode for
analysis of As(III) in real water samples.

■

CONCLUSIONS
We developed an adsorbent-assisted in situ electrocatalysis assay
on Fe3O4 nanospheres densely decorated with Au nanoparticles
and used it to signiﬁcantly enhance the measurement of As(III).
We found it both signiﬁcantly increased the sensitivity of the
arsenic stripping signal and reduced the limit of detection by an
order of magnitude. The target species, As(III), does not need
to desorb and diﬀuse to the electrode before detection; this is
in sharp contrast to inert/nonconductive surface modiﬁers.
Using this new design, good morphology control can be
ignored, which is in sharp contrast to the previously developed
pure gold nanoparticle-modiﬁed electrodes. In light of these
ﬁndings, we believe that the Au@Fe3O4 nanospheres would
likely be suitable for use within real matrixes.
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