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A B S T R A C T

Antimony (Sb) is a re-emerging contaminant demanding on-site ultrasensitive detection. Herein, a core–shell
AuFe@FeOx-CFC sensor was synthesized, taking advantage of the high adsorption capacity of FeOx, the superior
catalytic properties of AuFe bimetals, and the good durability and conductivity of carbon fiber cloth (CFC). The
FeOx shell thickness was optimized, providing active sites to improve the adsorption capacity for Sb and acting as
a transmission bridge to accelerate the electron transfer between AuFe core and the adsorbed Sb. The AuFe@
FeOx-CFC sensor with an optimal FeOx shell enhanced the sensitivity of Sb stripping signal (Sb
(III) = 1.09 mA (μg L−1)−1, Sb(V) = 1.19 mA (μg L−1)−1) and reduced the limit of detection (Sb
(III) = 0.05 ng L−1, Sb(V) = 0.03 ng L−1) by three orders of magnitude. Moreover, the AuFe@FeOx-CFC sensor
exhibited an excellent reproducibility after reuse 10-times and a robust stability after 60-d storage. The suc-
cessful application in analyzing nature waters and bottled waters confirms that AuFe@FeOx-CFC is a promising
electrochemical sensor with a high sensitivity to quantify Sb species in the field.

1. Introduction

Antimony (Sb) contamination poses a great threat to public health
[1,2]. The European Union (EU) and the US Environmental Protection
Agency (USEPA) have listed Sb as a priority pollutant [3]. The toxicity
of Sb depends on its oxidation state, where Sb(III) is approximately ten
times more toxic than Sb(V) [4]. Sb(III) is the dominant Sb species in
subsurface environment and readily oxidized to Sb(V) upon exposure to
air [5,6]. Improper sampling and storage may induce Sb(III) oxidation
before instrumental analysis in the laboratory, resulting in biased
conclusions on its toxicity. Since Sb concentration in natural waters is
as low as 0.1−200 ng L−1 [4,7], ultrasensitive on-site speciation ana-
lysis presents an urgent need [8]. To this end, electrochemical tech-
nique (EC), particularly anodic stripping voltammetry (ASV), is at-
tractive because it is fast, efficient, and easy-to-use [9].

The electrode modified with noble metal nanoparticles (NPs) has
advanced the electrochemical analysis of trace metals [10,11]. For ex-
ample, the Au NPs-based electrode exhibited a detection limit of
3.4 μg L−1 for Sb(III) analysis using ASV [12]. Though noble metal

presented superior electro-catalytic activity, its application as an elec-
trode sensor was challenged by intrinsic difficulties of high cost [10].
To meet the challenge, bimetallic electrodes were used by mixing noble
and transition metals [13,14]. For instance, adding Fe into Pt NPs not
only reduced the cost but decreased the detection limit for As(III) from
2.0 to 0.8 μg L−1 [15].

To realize the ultrasensitive and -selective detection in the field, the
core–shell structure is a promising approach with transition metal
oxides as the shell [16,17]. The Fe oxides (FeOx) have triggered great
attention for electrochemical detection due to its excellent adsorption
ability and redox activity [18,19]. For example, the dumbbell-like Au/
Fe3O4 modified electrode was formed for As(III) detection with a sen-
sitivity of 9.43 μA (mg L−1)−1 and a detection limit of 0.0215 mg L−1,
ascribed to the adsorption capacity of Fe3O4 and Fe(II)/Fe(III) redox
cycles [20]. However, no study has focused on trace-Sb analysis by
electrodes modified with FeOx shell, neither the impact of FeOx shell
thickness on Sb electrochemical detection. In fact, a thick FeOx shell
hinders the electrocatalytic activity for Sb detection because of its poor
conductivity. Conversely, a thin FeOx shell decreases the Sb adsorption
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and thus Sb sensitivity due to the limited adsorption sites. Thus, a
sought-after goal, but a formidable challenge, is to optimize the thick-
ness of FeOx shell to balance between adsorption capacity and elec-
trocatalytic activity.

Herein, the AuFe@FeOx core–shell NPs were electrodeposited on
carbon fiber cloth (CFC), namely AuFe@FeOx-CFC, used for trace
analysis of Sb species by ASV. The atomic and electronic structures of
AuFe@FeOx-CFC were investigated with X-ray photoelectron spectro-
scopy (XPS) and X-ray absorption fine structure (XAFS) spectroscopy.
The underlying mechanism of Sb redox transformation on the interface
of AuFe@FeOx-CFC was explored with the in-situ XAFS-EC experiment.
This AuFe@FeOx-CFC sensor with optimized shell thickness was suc-
cessfully applied in real water with excellent reproducibility and sta-
bility.

2. Experimental section

All reagents were of analytical grade and used without further
purification. All solution was prepared using deionized (DI) water.

2.1. Fabrication of AuFe@FeOx-CFC sensor

The CFC (WOS 1002 CeTech Co., Ltd., China) was cleaned via an
ultrasonic cleaning system. In an ultrasound bath, the CFC was treated
with 20% HNO3 solution for 30 min, followed by orderly rinsing in
acetone, ethyl alcohol, and deionized water for 10 min. After dried by
ultraviolet illumination, the CFC was used as the working electrode for
AuFe@FeOx NPs deposition. The AuFe@FeOx NPs with core–shell
structure were prepared through one-step electrodeposition process.
The electrodeposition experiment was performed with a three-electrode
system on an electrochemical workstation (PGSTAT302N, Autolab,
Switzer-land), with Ag/AgCl as the reference electrode, Pt wire as the
counter electrode, and CFC as the working electrode. The electrolyte
was 9.7 mL 14.0 g L−1NaClO4 solution mixed with 0.1 mL 41.2 g L−1

HAuCl4·4H2O and 0.2 mL 135.1 g L−1 FeCl3·6H2O, which was purged
with N2 for 15 min. The AuFe@FeOx-CFC sensors were synthesized at
the deposition potential of –1.2 V with varying the deposition time (10,
30, 60, 120, 180, and 240 s).

2.2. Characterization of AuFe@FeOx-CFC sensor

The surface morphology of AuFe@FeOx-CFC sensor was examined
using a field emission scanning electron microscope (FE-SEM, SU-8000,
Hitachi, JPN) and high resolution-transmission electron microscope
(HRTEM) along with energy dispersive X-ray (EDX) mapping collection
(JEM-2100 F, JEOL. Ltd., JPN). The crystal structure was determined
using an X-ray diffraction (XRD) with CuKα radiation (PANalytical,
Netherlands). Chemical state was detected with XPS analysis as a
function of Ar ion sputtering time on a Thermo Scitific ESCALab 250
spectrometer with AlKα X-ray radiation at 1486.8 eV.

The in situ EC and X-ray absorption near-edge spectroscopy (XANES)
were conducted to examine the EC-induced speciation change of Sb and
Fe during ASV process. The K-edge XANES spectra of Sb (30,491 eV)
and Fe (7112 eV) were collected on beamline 01C1 at the National
Synchrotron Radiation Research Center (NSRRC) in Taiwan, China. The
Au L3-edge (11,919 eV) and Fe K-edge extended X-ray absorption fine
structure (EXAFS) spectra were obtained to characterize the local co-
ordination environment of AuFe@FeOx-CFC sensor. Details of in situ EC-
XAFS experiments and data analysis are shown in the Supplementary
material.

2.3. Analysis

The concentrations of Sb were detected by high-performance liquid
chromatograph coupled atomic fluorescence spectrometry (HPLC-AFS,
Jitian, China) and inductively coupled plasma mass spectrometry (ICP-

MS, NexION350X, PerkinElmer, USA).

2.4. Electrochemical behavior of AuFe@FeOx-CFC sensor

The ASV process includes two steps: the accumulation step was the
electrochemical reduction and deposition of metals on the electrode,
the stripping step was the oxidation of metals on working electrode
back into solution. Sb(III) was accumulated at the potential of –0.4 V for
5 min, followed by stripping between –0.4 and 0.4 V with the following
parameters: scan rate of 20 mV·s−1, modulation amplitude of 0.15 V,
modulation time of 0.006 s, step of 0.01 V, and interval time of 0.5 s. Sb
(V) was reduced to Sb(III) with potassium iodide (KI) and ascorbic acid
(VC), then accumulated at the potential of –0.4 V for 5 min and stripped
between –0.4 and 0.05 V. Sb(III) and total Sb were determined before
and after treatment with KI and VC, and Sb(V) concentration was ob-
tained by subtracting Sb(III) from total Sb.

3. Results and discussion

3.1. Detection strategy of Sb

The detection mechanism of Sb(III) with AuFe@FeOx-CFC sensor is
illustrated in Scheme 1. This approach takes advantage of high affinity
of FeOx to Sb, superior electrocatalytic property of AuFe bimetal, and
good durability and conductivity of CFC. Under the deposition potential
of –1.2 V, Au(III) was first reduced to Au(0) which provides a template
for the following Fe(0) deposition due to the lower reduction potential
of Au(III)/Au(0) than that of Fe(III)/Fe(0) [15]. The AuFe bimetal with
specific electronic structures catalyzed the generation of FeOx in the
electrolyte purged with N2. The heterojunction between AuFe and FeOx

was optimized to improve the adsorption capacity of FeOx and elec-
trocatalytic activity of AuFe bimetal. The free-available Sb(III) was
adsorbed on the surface of AuFe@FeOx-CFC, attributed to the excellent
adsorption activity of FeOx shell. The adsorbed Sb(III) was reduced to
Sb(0) with electrons donated from the AuFe core. Consequently, a
stripping peak was observed due to the re-oxidation of Sb(0) to Sb(III)
on the interface of FeOx shell. The FeOx shell as a transmission bridge
accelerated the electron transfer between AuFe core and adsorbed Sb
(III)/Sb(0). Moreover, Fe(II) was first oxidized to Fe(III) in the de-
position step and then reduced to Fe(II) in the stripping step, ensuring
the reproducibility of AuFe@FeOx-CFC for Sb analysis.

3.2. Morphologic and structure characterization of AuFe@FeOx-CFC sensor

To take advantage of the synergistic effect between core and shell,
the AuFe@FeOx-CFC sensor was optimized by tuning the thickness of
FeOx shell. The shell thickness was 0.5, 1.6, 3.0, and 3.5 nm at the
deposition time of 30, 60, 180, and 240 s, respectively (Fig. 1a–d). The
shell thickness exhibited a linear relationship as a function of deposi-
tion time at the 95% confidence level (p= 0.026) (Fig. S1), suggesting
that FeOx shell thickness can be modulated by reaction time. The effect
of shell thickness on electrochemical response was explored by ASV in
the presence of 100 μg L−1 Sb(III) (Fig. S2). The anodic peak current of
Sb(III) increased from 1.8 to 3.5 mA with increasing shell thickness
from 0.5 to 1.6 nm, ascribed to the high adsorption affinity of Fe oxides
to Sb(III) [21]. Nevertheless, the anodic peak current of Sb(III) de-
creased to 0.7 mA with further extending the FeOx shell thickness to
3.5 nm due to the poor conductivity of Fe oxides [22]. Then, the AuFe@
FeOx-CFC sensor with an optimum shell thickness of 1.6 nm was fab-
ricated at the electro-deposition time of 60 s.

To characterize the morphological structure of the optimized
AuFe@FeOx-CFC sensor, SEM and HRTEM were used and the results are
shown in Fig. S3. The AuFe@ FeOx NPs were composed of a 13−19 nm
core in dark and a 1.6 nm shell in a lighter color (Fig. S3a–c). The core
exhibited an interplanar spacing of 0.235 nm with various lattice di-
rections (Fig. S3d), indicating that the core was composed of Au NPs
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exposed [111] facet [23]. No lattice fringe was observed on the shell,
indicating the amorphous nature of Fe oxides. The crystallinity and
purity were confirmed by XRD, and characteristic peaks of cubic Au and
carbon cloth, but not of Fe oxides, were resolved (Fig. S4). As evidenced
by the EDX element mapping, the Au core was covered with Fe shell,

and the core–shell NPs were dispersed on the CFC (Fig. 1e–i).
To study the oxidation state and chemical bonding of AuFe@FeOx-

CFC, the depth-profile XPS spectra of Fe 2p, Au 4f, and O 1s were re-
corded. Before data collection, the surface carbonaceous layer was re-
moved with Ar sputtering for 30 s. In Fe 2p spectra, a new peak at

Scheme 1. Schematic illustration of in situ electrocatalysis for Sb(III) detection based on AuFe@FeOx-CFC taking advantage of the synergistic effect of the adsorption
of FeOx, the electro-catalysis of AuFe bimetal, and the conductivity of CFC.

Fig. 1. Scheme and corresponding
SEM, HRTEM images of AuFe@FeOx-
CFC sensor with controllable shell
thickness under different deposition
time: (a) 30, (b) 60, (c) 180, and (d)
240 s. (e) TEM image and corre-
sponding TEM-EDX element mapping
and (i) overlapping images of (f) Fe, (g)
Au, and (h) C of AuFe@FeOx-CFC
sensor.
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707.1 eV appeared after 60 s sputtering (Fig. 2a), indicating the pre-
sence of Fe in the core [15]. Combined with the increased intensity of
Au 4f peak (Fig. 2b), the core was composed of AuFe alloy. Notably, the
Au 4f7/2 peak of AuFe@FeOx-CFC shifted 0.2 eV upward to 84.4 eV (Fig.
S5a), and the corresponding Fe 2p5/2 peak shifted 0.3 eV downward to
707.1 eV (Fig. S5b). The chemical shift of Au and Fe indicates that a
chemical bond was formed between Au and Fe with partial charge
transfer [24].

The atomic structure of AuFe@FeOx-CFC sensor was explored by
EXAFS spectra. Fig. 2c presents the Fourier transform (FT) magnitude of
k2-weighted Fe K-edge EXAFS spectra of AuFe@FeOx-CFC, and the fit-
ting parameters are listed in Table S1. The first shell consisted of five O
atoms at 1.75 Å and one O atom at 1.95 Å, the second shell was assigned
to Fe-Au single scattering path at 2.21 Å [25], and the third shell was
Fe–Fe path at a distance of 3.08 and 3.42 Å [26]. The EXAFS structural
analysis confirmed the formation of core–shell AuFe@FeOx NPs. Com-
pared with pure Fe-CFC (Fig. S6), AuFe@FeOx-CFC exhibited the dis-
torted local coordination of Fe–Fe and Fe–O due to the intercalation of
Au, resulting in an improved adsorption and catalytic activity [27]. The
composition of FeOx shell was further explored by XANES pre-edge
spectra (Fig. 2d). The XANES analysis resolved a linear relation be-
tween the centroid energy of pre-edge and the Fe2+/∑Fe ratio

(R2 = 0.997), confirming that the energy shift of Fe is related to its
oxidation state [28]. Then, the Fe2+/∑Fe ratio of AuFe@FeOx-CFC was
calculated to be 35% by internal standard method. Indeed, Fe2+ as a
surface defect improves the adsorptive and catalytic activity of AuFe@
FeOx-CFC sensor [18].

3.3. Electrochemical characterization of AuFe@FeOx-CFC

To investigate electrochemical sensing capacity of AuFe@FeOx-CFC,
cyclic voltammetry (CV) was conducted in the solution containing
5 mM K3[Fe(CN)6] and 0.1 M KCl. The peak current of CFC, Fe-CFC, Au-
CFC, and AuFe@FeOx-CFC was 3.7, 3.7, 4.6, and 4.7 mA, respectively
(Fig. S7). The increased current of AuFe@FeOx-CFC was attributed to
the presence of Au, which improved the conductivity of electrode and
promoted the electron transfer process. The adjacent AuFe@FeOx NPs
on CFC formed heavily overlapping diffusion layers and subsequently
generated a voltammetric response equivalent to a planar electrode
(Fig. S8) [29]. As shown in Fig. S9, the peak current increased linearly
with the scan rate increasing from 10 to 60 mV s−1, which conforms to
the Randles–Sevcik equation, ip=(2.69×105)n3/2ACD1/2ν1/2, where
ip=maximum current, n = number of electrons, A = electrode area,
C = K3[Fe(CN)6] concentration, D = diffusion coefficient, v = scan

Fig. 2. XPS spectra of (a) Fe 2p and (b) Au 4f for AuFe@FeOx-CFC with Ar sputtering 0, 30, and 90 s. (c) Observed (red circles) and fitted (black lines) Fourier
transform magnitude and real parts of k3-weighted Fe K-edge EXAFS spectra of AuFe@FeOx-CFC and Fe-CFC. (d) Variation of centroid energy with Fe2+/∑Fe ratio of
AuFe@FeOx-CFC. Inset is the normalized pre-edge spectra of FeO, Fe3O4, Fe2O3, and AuFe@FeOx-CFC. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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rate [30]. The real electrochemical surface area (ECSA) of CFC, Au-CFC,
Fe-CFC, and AuFe@FeOx-CFC was 0.592, 0.636, 0.647, and
0.648 mm–2, respectively. The highest ECSA of AuFe@FeOx-CFC was
ascribed to the existence of Fe that provides more active sites. The re-
sults indicate that the introduction of Au and Fe increased the elec-
trocatalysis and adsorption efficiency of AuFe@FeOx-CFC sensor.

3.4. Electrochemical detection of Sb

To optimize the electrochemical performance for Sb detection, the
effect of accumulation potential and time was studied in the solution
containing 50 μg L−1 Sb(III). The optimized accumulation potential and
time were –0.4 V and 300 s, respectively (Fig. S10−11). In the first
range from 5 × 10–5 to 0.5 μg L−1 (Fig. 3a), the logarithmic transfor-
mation of stripping current (log I) exhibited a linear correlation
(R2 = 0.996) with that of Sb(III) concentration (log C). The sensitivity
was estimated to be 1.09 mA (μg L−1)−1 based on the slope of linear
fitting equation, attributed to the synergistic effect of the adsorption
capacity of FeOx shell and the electrocatalytic activity of AuFe core. In
the second range from 1 to 400 μg L−1, a linear calibration of stripping
current against Sb(III) concentration (R2 = 0.994) is shown in
Fig. 3b–c. At high Sb(III) concentration, the sensitivity of AuFe@FeOx-
CFC sensor was estimated to be 26.7 μA (μg L−1)−1, attributed to the
dwindling influence of FeOx shell with limited active sites for abundant
Sb(III) [30]. Consequently, AuFe@FeOx-CFC sensor exhibited the limit
of detection (LOD) of 0.05 ng L−1, which is calculated by 3δ/N, where δ
is the standard deviation of 10 blank detections and N is the slope of
linear fitting equation [15].

Due to the less electro-activity of Sb(V), the first step in Sb(V)
analysis was the reduction of Sb(V) to Sb(III) by KI and VC. In the range
of 5 × 10−6–0.1 μg L–1, a linear relationship (R2 = 0.995) was obtained
between log I and log C with a sensitivity of 1.19 mA (μg L–1)–1

(Fig. 3d). In the range of 1–400 μg L–1, the Sb stripping current in-
creased linearly with Sb(V) concentration (R2 = 0.990), exhibiting a
sensitivity of 7.2 μA (μg L–1)–1 (Fig. 3e–f). Compared with ASV curve of
Sb(III), the anodic stripping peak in Sb(V) ASV spectra shifted nega-
tively form 0.13 to –0.06 V, probably due to the presence of VC. For Sb
(V) analysis, the AuFe@FeOx-CFC exhibited a LOD of 0.03 ng L–1 (3δ/
N).

To the best of our knowledge, AuFe@FeOx-CFC sensor reduced the
LOD for Sb(III) and Sb(V) analysis by three orders of magnitude than
other reported electrodes. The sensitivity of AuFe@FeOx-CFC for Sb
determination was the highest among all reported electrodes (Table
S2). The highest sensitivity indicates that a significant electrochemical

signal will be collected by a small change in Sb concentration, which is
beneficial for Sb trace analysis.

3.5. Mechanism for Sb determination with AuFe@FeOx-CFC

The ASV process was firstly analyzed with in situ XAFS-EC experi-
ment. In the adsorption step (time = 0 min), the Sb K-edge energy was
30,490 eV, indicating that Sb(III) was adsorbed on the surface of
AuFe@FeOx-CFC sensor (Fig. 4a). The Sb(III) was accumulated in the
vicinity of electrode surface due to the high density of adsorption sites
on FeOx shell. In the electro-accumulation step (time = 15 min), the Sb
K-edge energy shifted from 30,490 to 30,485 eV, indicating the reduc-
tion of Sb(III) to Sb(0) on the surface of AuFe@FeOx-CFC sensor.
Meanwhile, Fe K-edge XANES spectra resolved an increase in Fe2+/∑Fe
from 35 to 65% (Fig. 4b–c). At this stage, FeOx shell as a transmission
bridge accelerated the electron transfer from AuFe alloy to the adsorbed
Sb(III), promoting Sb(III) reduction to Sb(0). In the anodic stripping
step (time = 30 min), the Sb K-edge spectra exhibited two peaks at
30,491 and 30,495 eV, suggesting that accumulated Sb(0) on the elec-
trode surface was oxidized to Sb(III) and Sb(V), respectively [31]. The
redox state of Sb was further confirmed by Sb 5d XPS spectra. The Sb
5d3/2 peak shifted from 536.3 to 540.5 eV (Fig. 4d), indicating that the
state of Sb on the interface of AuFe@FeOx-CFC sensor changed from Sb
(0) to Sb(V). At the same time, Fe2+/∑Fe decreased from 65 to 38%,
ensuring the redox cycle of FeOx shell. Then, the FeOx shell not only
provides a platform for Sb adsorption, but also actives as a transmission
bridge to delicately modulate the electron transfer between AuFe core
and adsorbed Sb. The possible reaction equations are listed below:

+ + + + ++Fe(II) Sb(OH) 2e 3H Fe(III) Sb(0) 3H O3 2 (1)

+Fe(III) e (from electrode) Fe(II) (2)

+ + + +Fe(III) Sb(0) 3OH Fe(II) Sb(OH) 2e3 (3)

+ + ++Sb(OH) H O H SbO 2H 2e3 2 3 4 (4)

3.6. Application to Sb determination in natural waters

The AuFe@FeOx-CFC sensor was used to detect Sb in river water
collected at Leng Shuijiang, Hunan, China. The Sb concentration was
determined based on the linear regression equation in Fig. 3. Among
these 13 samples in Fig. 5a, only Sb(V) was detected, and its con-
centration was in the range of 8.3–68.8 μg L−1 with a relative standard
deviation (RSD) of 0.2–10.0%. No significant difference in Sb

Fig. 3. The linear relationship between
the logarithmic transformation of strip-
ping current (log I) and concentration
(log C) of (a) Sb(III) and (d) Sb(V). Inset
shows the ASV spectra of Sb(III) and Sb
(V) in the range of 5 × 10−5–0.5 μg L–1

and 5 × 10–6–0.1 μg L–1, respectively.
ASV spectra of AuFe@FeOx-CFC for (b)
Sb(III) and (e) Sb(V) with concentration
of 1, 20, 50, 80, 150, 200, 300, and
400 μg L–1. The corresponding linear re-
lationship between the stripping current
and concentration of (c) Sb(III) and (f) Sb
(V).
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concentration was observed between EC and HPLC-AFS measurements
(p= 0.87), confirming the capability of AuFe@FeOx-CFC sensor for Sb
determination in river water. The spike recovery experiments were
conducted by adding 10, 50, 100, and 200 μg L−1 Sb(III) to the river
water. As shown in Fig. S12a, 100.6–111.1% of spiked Sb(III) were
recovered. Fig. S12b shows that the concentrations of Sb(III) and Sb(V)
determined by EC were consistent with those by HPLC-AFS. The results

justified the capability of AuFe@FeOx-CFC sensor for Sb speciation
analysis in the natural water.

To investigate the selectivity of AuFe@FeOx-CFC, we measured the
stripping current for comment ions in nature waters including Ca2+,
Cr3+, Cu2+, Fe3+, Hg2+, Mg2+, Mn2+, Pd2+, Sn2+, Zn2+, Se4+,
CO3

2−, NO3
2−, PO4

2−, and SO4
2−. Even when the concentration of

these interference ions was ten times in mole/L of Sb(III), their

Fig. 4. (a) Sb-K edge and (b) Fe-K edge
in situ XANES spectra of AuFe@FeOx-
CFC in 1 mg L−1 Sb(III) solution. (c)
Variation of centroid energy with
Fe2+/∑Fe ratio of AuFe@FeOx-CFC. (d)
XPS spectra of Sb 3d for AuFe@FeOx-
CFC sensor after Sb accumulation-30 s,
accumulation-15 min, and stripping-
30 min. (e) Mechanism for Sb(III) ana-
lysis with AuFe@FeOx-CFC sensor.

Fig. 5. (a) Sb concentration in natural
water determined using HPLC-AFS and
EC. (b) Effect of interfering ions on Sb
(III) (50 μg L−1) determination with
AuFe@FeOx-CFC sensor. (c) Sb con-
centration in bottled waters de-
termined using EC and ICP-MS. (d)
Current intensity at 0.13 V (vs Ag/
AgCl) of 20 μg L−1 Sb(III) with AuFe@
FeOx-CFC after ten recycles.
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stripping current was less than 0.15 mA (Fig. 5b), accounting for <
11.5% than that of Sb(III) (1.3 mA) [32]. There is no significant in-
terference in stripping current of Sb(III), suggesting that Sb could be
measured by AuFe@FeOx-CFC sensor with these co-existing ions.

We measured the Sb concentration in bottled water from 13 brands
in market using the AuFe@FeOx-CFC sensor. Among the 13 bottles, the
EC results (Fig. 5c) show Sb concentration in the range of
54.2–1043.2 ng L−1, exhibiting RSD of 1.1–20.7%. Statistical tests il-
lustrated that there was no significant difference between EC and ICP-
MS results (p= 0.82), confirming the capability of AuFe@FeOx-CFC
sensor for trace-Sb determination.

To evaluate the reproducibility of AuFe@FeOx-CFC sensor, the as-
prepared electrode sensor was recycled and re-used for detecting
20 μg L−1 Sb(III). After each ASV analysis, the used AuFe@FeOx-CFC
sensor was regenerated by electro-cleaning in 0.1 M H2SO4 solution
with a constant potential of 0 V for 30 s. During the 10-times recycle,
the AuFe@FeOx-CFC sensor exhibited a good reproducibility with RSD
of 2.6% (Fig. 5d). The stability of AuFe@FeOx-CFC sensor was ex-
amined by analyzing 20 μg L−1 Sb(III) with a sensor stored for 60 d. The
stripping current presented only 7.1% decrease (Fig. S13), indicating
the remarkable stability of the synthesized sensor.

4. Conclusions

Driven by the need for on-site Sb speciation analysis, the core–shell
structured AuFe@FeOx-CFC was fabricated through a facile and speedy
electro-deposition strategy. The FeOx shell thickness was optimized to
balance the density of adsorptive and electrocatalytic sites, resulting in
the increased adsorption capacity and superior electrocatalytic activity
of AuFe@FeOx-CFC sensor. Moreover, the AuFe@FeOx-CFC sensor was
successfully used for detecting Sb speciation at trace levels in river
water and bottled waters with excellent reproducibility and robust
stability. The ultrasensitive speciation techniques could be applied to
analyze environmental samples for Sb source apportionment and toxi-
city evaluation. The design for core–shell structured AuFe@FeOx-CFC
sensor provides a new avenue to modulate an interface for developing
effective electrode sensor.
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