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a b s t r a c t
Electrochemical analytical challenge for cadmium(II) [Cd(II)] determination is to seek an efﬁcient platform to realize the sensitive and selective detection. Herein, a sensing interface for the detection of
Cd(II) was designed and constructed by the amination treated porous SnO2 nanowire bundles-room
temperature ionic liquid nanocomposite (NH2 /SnO2 -RTIL). Through the delicate control of experimental
conditions (deposition potential and electrolyte pH), the excellent sensitive and selective electroanalysis of ultra-trace Cd(II) was achieved using square wave anodic stripping voltammetry (SWASV). The
NH2 /SnO2 -RTIL uses its efﬁcient capture during the Cd(II) deposition step to enhance the sensitivity of
the stripping response. Under the optimal experimental conditions, the NH2 /SnO2 -RTIL nanocomposite
offered direct detection of Cd(II) within the desirable range (0.0267 M) in drinking water as speciﬁed by
the World Health Organization (WHO), a limit of detection (3 method) of 0.0054 M with a sensitivity of
124.03 ± 3.75 A M−1 was obtained in the presence of common heavy metal ions. Finally, the analytical
application of the proposed method toward the detection of Cd(II) in a real water sample collected from
Wangxiaoying sewage treatment plant, Hefei City, China, has been successfully veriﬁed.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Heavy metal ions are extremely toxic pollutants, long-term
exposure to them can cause various kinds of adverse health
impacts, including damages of gastrointestinal tract, reproductive
system, nervous system and immune system [1–5]. Cadmium(II)
[Cd(II)] is recognized to be the one of most hazardous pollutants
to various ecosystems and human health [6–8]. Thus, it is rather
important to seek an efﬁcient, sensitive, selective, and reliable
method for the detection of Cd(II) for human health and environmental protection. Recently, a variety of analytical techniques
for the detection of heavy metal ions have been reported, such
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as cold vapor atomic ﬂuorescence spectrometry (CV-AFS), atomic
absorption spectroscopy (AAS), inductively coupled plasma atomic
emission spectrometry (ICP-AES), inductively coupled plasma mass
spectrometry (ICP-MS), synchrotron based probing techniques,
and so on [9–13]. However, compared with the electrochemical techniques, the above mentioned methods involve requiring
expensive instruments and materials, require complicated procedures and cannot be suitable for in situ analysis due to the
ponderous and complicated instruments. Besides, the intrinsic sensitivity, simplicity and portability of electrochemical methods have
been received much more attraction on the measurement of trace
heavy metal ions. Although related various electrochemical studies on the detection of Cd(II) have been reported [6,7], due to the
intermetallic compounds formed among the different heavy metal
ions and the competition for the active sites on the modiﬁed electrode surface, the mutual interference among them is very serious
[14], so it is not beneﬁcial to accurate detection of real water samples contaminated with Cd(II) in the presence of other common
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coexistence of heavy metal ions, such as Zn(II), Pb(II), Cu(II) and
Hg(II). Furthermore, the modiﬁcation nanostructured materials for
the detection of Cd(II) involve the drawback of costly and complex
synthesis processes. Hence, electrochemical analytical challenge
for Cd(II) determination is to design an efﬁcient platform to realize
the sensitive and selective detection with low cost and relatively
simple nano materials.
To date, tin dioxide (SnO2 ), a direct wide band gap (Eg = 3.6 eV
at 300 K) n-type semiconductor, has been widely used as gas sensing material [15–19]. Recently, some studies have found that SnO2
has good adsorption performance for heavy metal ions [14,20,21].
Particularly, porous SnO2 nanomaterials have drawn a lot of interest due to its high speciﬁc surface area, good stability, and low
density, which is beneﬁcial to gas diffusion, heavy metal ions
adsorption and enhance material transportation processes, thus
improving the sensitivity of the sensor [22–24]. Moreover, it is well
known that the amino group (–NH2 ) was extensively applied as a
capturer for the detection of heavy metal ions because of the acidbase pairing interaction between electron-rich amino ligands and
electron-deﬁcient metal ions, however, Pb(II) as a weak Lewis acid,
so Pb(II) is hard to combine with –NH2 [25–27]. Therefore, –NH2
can be introduced to the surface of porous SnO2 to capture heavy
metal ions, with the help of –NH2 selective capture of different ions
to achieve selective adsorption of certain ions, so as to realize the
selective detection. Meanwhile, the adsorption capacity of aminofunctionalized porous SnO2 toward heavy metal ions increased, the
higher sensitivity can be obtained. Here, a simple chemical modiﬁcation method was used to introduce –NH2 groups onto the surface
of porous SnO2 nanomaterials and such amination functionalized
porous SnO2 nanomaterial (NH2 /SnO2 ) was used as a sorbent for
the preconcentration of trace amounts of Cd(II) in real environmental samples prior to its determination by anodic stripping square
wave voltammetry (SWASV). In addition, taking into account to
improve the electrical conductivity of NH2 /SnO2 and enhance peak
current, looking for a material offer a conductive path for electrons
at the electrode surface is therefore signiﬁcant. To date, a green
solvent, room temperature ionic liquids (RTILs) have been widely
used in electrochemical sensors and exhibit excellent electrochemical behaviors due to their advantages, such as high chemical and
thermal stability, good intrinsic conductivity, high viscosity, low
volatility, wide electrochemical windows and tunableness [28–31].
Therefore, RTILs would be a nice choice to enhance the conductivity.
In stripping analysis, the application of adequate deposition
potential is essential to achieve the selectivity detection and obtain
the best sensitivity. Because of the reduction potential of each
heavy metal ions quite different in the same electrolyte, which can
be selectively deposited onto the electrode surface by controlling
the deposition potential, thereby realizing the selective detection.
Meanwhile, the effect of electrolyte pH value is equally very important. Different kinds of heavy metal ions corresponding hydroxide
with the different solubility product (Ksp ), when the product of ion
concentration (Q) is larger than the Ksp , it begins to form a hydroxide precipitate, and then the concentration of heavy metal ions
in the free state is greatly decreased [32]. Thus, through rational
control the concentration of OH− in the electrolyte, leading to the
hydroxide precipitate formation of co-existed heavy metal ions, the
selective detection of target ions can be achieved.
In this work, based on the efﬁcient capture Cd(II), the deposition
potential and the electrolyte pH managed appropriately, we try to
use NH2 /SnO2 -RTIL nanocomposite to fabricate an electrochemical
platform for sensitive and selective detection of Cd(II) for the ﬁrst
time. These results indicated that the NH2 /SnO2 -RTIL nanocomposite showed robust selectivity and excellent sensitivity on the
detection of Cd(II) under the optimal experimental conditions. The

possible mechanism of enhanced stripping signal was preliminarily
explored and clariﬁed.
2. Experimental
2.1. Chemical reagents
All reagents in this study were analytical grade and used without any further puriﬁcation. Polyethylene glycol 600 (PEG600),
ethanol (CH3 CH2 OH), oxalic acid (H2 C2 O4 ), tin(II) chloride
dehydrate (SnCl2 ·2H2 O) and ammonia solution (NH3 ·H2 O)
were purchased from Sinopharm Chemical Reagent Co.,
Ltd. Shanghai, China. 1-Butyl-2,3-dimethylimidazolium bis(triﬂuoromethanesulfon-yl)imide ([C4 dmim][NTf2 ]), N-propyl
diethylmethylammonium
bis(triﬂuoromethy-lsolfonyl)imide
and
1-butyl-3-methylimidazolium
([N2,1,1,3 ][NTf2 ]),
triﬂuorotris(pe-ntaﬂuoroethyl)phosphate
([C4 mim][FAP])
were supplied by Merck KGaA (Darmstadt, Germany). 1Butyl-3-methylimidazolium
bis(triﬂuoromethylsulfonyl)imide
([C4 mim][NTf2 ]) was prepared by standard literature procedures
[33,34]. 3-aminopropyl-trimethoxysilane (APTMS) was purchased
from Alfa Aesar, Tianjin, China. 0.1 M acetate buffer solutions
(HAc-NaAc) with different pH were prepared by mixing stock
solutions of sodium acetate (NaAc), acetic acid (HAc), and NaOH.
Phosphate buffer solutions (PBS) of 0.1 M were prepared by mixing
stock solutions of 0.1 M H3 PO4 , KH2 PO4 , K2 HPO4 and NaOH. The
buffer solutions of 0.1 M NH4 Cl-NH3 ·H2 O were made up of the
solution of NH4 Cl and NH3 ·H2 O in different proportions. The
ultrahigh purity water (resistivity not less than 18.2 M cm) was
puriﬁed with NANO pure® DiamondTM UV water system.
2.2. Apparatus
The morphology of the samples was carried out on ﬁeldemission scanning electron microscopy (FESEM, Quanta 200 FEG,
FEI Company, USA). Transmission electron microscopy (TEM) and
high-resolution TEM were performed using a JEM-2010 transmission electron microscope operating at 200 kV (quantitative method,
Cliff Lorimer thin ratio section). X-ray diffraction (XRD) patterns
were gained with a Philips X’Pert Pro X-ray diffractometer with Cu
K␣ radiation (1.5418 Å). X-ray photoelectron spectroscopy (XPS)
measurements were taken using a VG ESCALAB MKII spectrometer
with an Mg K␣ X-ray source (1253.6 eV, 120 W). Electrochemical
experiments were recorded using a CHI 660D computer-controlled
potentiostat (Chen Hua Instruments Co., Shanghai, China) with a
standard three electrode system. A bare or modiﬁed GCE served as a
working electrode, a platinum wire were used as counter-electrode
with a saturated Ag/AgCl electrode (Chen Hua Instruments Co.,
Shanghai, China) completing the cell assembly.
2.3. Preparation of amination functionalized porous SnO2
nanowire bundles
Porous SnO2 nanowire bundles was prepared according to
reported previously [35]. First, a 40 mL mixed solution of PEG600
and ethanol (volume ratio of 1:5) was prepared. Then, 0.45 g
H2 C2 O4 was dissolved into the above mixture under continuous
magnetic stirring for 20 min. Subsequently, 1.13 g SnCl2 ·2H2 O was
added into the above solution, followed by dropwise addition of
10 mL ultrahigh purity water. After continuous stirring for 40 min,
the resulting white precipitate was collected by centrifugation and
washed with ethanol and ultrahigh purity water for several times.
The product was dried at 60 ◦ C under vacuum for 12 h, and ﬁnally
annealed in a mufﬂe kiln at 600 ◦ C for 2 h.
For amination-functionalized porous SnO2 nanowire bundles,
the process nanospheres was according to similar studied [36].
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Porous SnO2 nanowire bundles (50 mg) were added to ethanol
(35 mL), followed by the addition of water (2 mL). Then, NH3 ·H2 O
(25%, 3 mL) and APTMS (400 L) were added to the above solution.
The resulting solution was followed by shaking at 200 rpm for about
24 h. After, the sample washed with absolute alcohol and ultrahigh
purity water for several times, the resulting product was dissolved
in water (5 mL) for further utilization.

2.4. Fabrication of modiﬁed electrode
Room temperature ionic liquid (RTIL: [C4 dmim][NTf2 ]) was
dispersed into absolute alcohol at a volume ratio of 1:200 with
ultrasonic agitation for 5 min. Then the synthesized amination
functionalized porous SnO2 nanowire bundles (NH2 /SnO2 ) were
added to the RTIL solution and ultrasonicated for 5 min to obtain a
1.0 mg mL−1 suspension. To fabricate the modiﬁed electrode, 7 L
of the suspension was pipetted onto the surface of glassy carbon electrode (GCE) and evaporated under room temperature to
obtain the NH2 /SnO2 -RTIL/GCE. For comparison, SnO2 /GCE, SnO2 RTIL/GCE, and NH2 /SnO2 /GCE were prepared similarly.

2.5. Electrochemical experiments
SWASV was used for the investigation of electrochemical behavior at pH 8.5 HAc-NaAc buffer solution (10 mL, 0.1 M) under
optimized conditions. A deposition potential of −1.15 V was applied
for 150 s by the reduction of Cd(II) under stirring conditions
(500 rpm). The SWASV signals were recorded range from −1.4 and
0.4 V. A desorption potential of 1.0 V for 80 s was used to remove the
target metals with stirring (500 rpm). All experiments were carried
out at room temperature.

3. Results and discussion
3.1. Morphologic and structure characterization of amination
functionalized porous SnO2 nanowire bundles
Fig. 1a shows the typical SEM image of the as-prepared
amination-functionalized porous SnO2 nanowire bundles
(NH2 /SnO2 ). As seen, the each bundle consists of many nanowires
joined together at one end, the length of the nanowire is approximately 4 m and the diameter is about 100 nm. In addition, it
is obvious that the nanowires have a highly porous structure.
The TEM images further supports the nanoporous structure of
the sample (Fig. 1b). With a detailed observation, the NH2 /SnO2
nanowire appears as an aggregation of numerous SnO2 nanoparticles. Fig. 1c presents a typical TEM image of one nanowire, from
which it is evident that interconnected nanoparticles of mean
diameter is about 23.6 nm in size (inset in Fig. 1c) self assemble
into a quasi 1D morphology. A high-resolution TEM image (Fig. 1d)
of a NH2 /SnO2 nanoparticles shows resolved fringes separated by
0.335 nm, which corresponding to the (110) lattice spacing of a
tetragonal SnO2 crystal. The typical X-ray diffraction (XRD) pattern
shown in Fig. 1e indicates the phase purity and crystallinity of
the as-obtained NH2 /SnO2 , all of the diffraction peaks can be
perfectly indexed to the standard bulk SnO2 pattern (JCPDS:
88-0287) [37], and no peaks of other phases of tin oxide were
detected, indicating the high purity of the as-prepared sample.
XPS analysis was conducted to further characterize the product.
Fig. 1f shows the sample mainly contains Sn, O, and N, inset in
panel Fig. 1f is the corresponding high-resolution N1s core-level
XPS spectrum, indicating that the amination functionalized porous
SnO2 nanowire bundles has been successfully prepared.
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3.2. Electrochemical characterization of NH2 /SnO2 -RTIL
nanocomposite
In order to evaluate the electrochemical performance of the
modiﬁed electrode, potassium ferricyanide as a probe was adopted.
The typical cyclic voltammograms of the bare GCE, NH2 /SnO2 ,
and NH2 /SnO2 -RTIL nanocomposite modiﬁed GCE were compared
in neutral solution of 5 mM Fe(CN)6 3−/4− containing 0.1 M KCl
(Fig. 2a). As compared with the bare GCE, the anodic and cathodic
peaks decrease at the NH2 /SnO2 modiﬁed electrode. The result indicates that the rate of electron transfer at the electrode surface is
hindered with the attachment of NH2 /SnO2 to the electrode surface.
However, for the NH2 /SnO2 -RTIL nanocomposite modiﬁed GCE, the
electrode shows the highest current. The improved electrochemical
response resulted from the introduction of good conductive RTIL,
which could provide the necessary conduction pathways, and the
promotion of electron transfer process at the modiﬁed electrode
surface.
Electrochemical impedance spectroscopy (EIS), which is a simple method to observe the electron transfer resistance changes of
the electrode surface, was used to further investigate the interface properties of the NH2 /SnO2 -RTIL nanocomposite modiﬁed
electrode. Generally, the impedance spectra include a semicircle
portion and a linear portion. The semicircle diameter represents
the electron-transfer resistance (Ret ) at higher frequencies and the
linear part on behalf of the diffusion limited process at lower frequencies [38,39]. As shown in Fig. 2b, the Ret value is about 200 
corresponding to the bare GCE. After the electrode is modiﬁed with
NH2 /SnO2 , the Ret increased signiﬁcantly to about 400 . However,
the semicircle domain with Ret value decreased signiﬁcantly of the
electrode modiﬁed with NH2 /SnO2 -RTIL nanocomposite, and displayed an almost straight line, suggesting a very small electron
transfer resistance of the redox probe (Fe(CN)6 3−/4− ). The result
suggests that the NH2 /SnO2 -RTIL nanocomposite can promote electron transfer process at the modiﬁed GCE surface. The ﬁnding was
supported by the above cyclic voltammogram data.
3.3. Optimization of electrolyte pH value and deposition potential
To perfectly realize the sensitive and selective detection of
Cd(II), experimental conditions including supporting electrolytes,
deposition time, different room temperature ionic liquids (RTILs),
the mass of NH2 /SnO2 -RTIL were ﬁrst optimized and presented in
Fig. S1 for more detail. Besides, electrolyte pH value and deposition
potential were investigated systematacially.
In stripping analysis, supporting electrolyte pH is recognized as
a critical factor for the sensitive and selective detection of heavy
metal ions. Fig. 3a shows the optimization of the electrolytes pH
value at deposition potential −1.10 V. The effect of pH on the electrochemical performance of NH2 /SnO2 -RTIL/GCE was studied in the
pH range from 4.0 to 10.0. For Cu(II) and Hg(II), the obvious anodic
stripping peaks were observed as the pH of the solution from 4.0
to 7.0, however, the anodic peak response decreased dramatically
as the pH raised at pH 8.0, when pH value as 8.5, only a very small
stripping peaks was seen. The possible reason is that Cu(II) and
Hg(II) begin to form a metallic hydroxide precipitate at pH above
7.0, and then the concentration of heavy metal ions in the free state
greatly decreased. As seen, the peak current of Pb(II) was very small,
one explanation is that Pb(II) is a relative weak Lewis acid, −NH2
is difﬁcult to combine with it. The peak of Zn(II) was not observed,
suggesting Zn(II) cannot be reduced at the deposition potential of
−1.10 V. The peak current has no obvious change at the pH ranging from 4.0 to 8.5 on the detection of Cd(II), however, when the
pH above 8.5, stripping peak signiﬁcantly reduce ascribed to the
formation of Cd(OH)2 precipitate. Upon comprehensive consideration, in order to realize the selective and sensitive detection of
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Fig. 1. Morphologic and structure characterization of the as-synthesized porous NH2 /SnO2 nanowire bundles. (a) SEM image of as-prepared porous NH2 /SnO2 nanowire
bundles, (b) and (c) TEM images of as-prepared porous NH2 /SnO2 nanowire bundles, (d) high-resolution TEM image of the as-prepared porous NH2 /SnO2 nanowire bundles, (e)
XRD pattern of the as-prepared porous NH2 /SnO2 nanowire bundles, and (f) XPS survey spectrum of the porous NH2 /SnO2 nanowire bundles. Inset in panel f is corresponding
high-resolution N1s core-level XPS spectrum. Scale bar, (a) 1 m, (b) 200 nm, (c) 100 nm, and (d) 2 nm.

Cd(II), pH 8.5 HAc-NaAc buffer solution was adopted. Furthermore,
the application of adequate deposition potential is another important method for the detection of sensitive and selective. Due to
the reduction potential of each heavy metal ions quite different in
the same electrolyte, which can be selectively deposited onto the
electrode surface by controlling the deposition potential, thereby
realizing the selective detection. Fig. 3b shows the optimization of
deposition potential at pH 8.5 HAc-NaAc buffer solution. Clearly,
although the stripping current intensity increased with decreasing deposition potential (−0.90 V to −1.40 V), when the deposition
potential above −1.15 V, an obvious peak current of Zn(II) was
observed. Therefore, to realize the selective detection of Cd(II), the
deposition potential of −1.15 V was determined as optimum and
employed in further experiments.

0.1 M ﬁve blended heavy metal ions (Zn(II), Cd(II), Pb(II), Cu(II),
and Hg(II)) at pH 8.5 HAc-NaAc solution (0.1 M) were investigated, respectively. As observed, the stripping signal of Cd(II)
on NH2 /SnO2 -RTIL/GCE is much higher than that on bare GCE,
SnO2 /GCE, and SnO2 -RTIL/GCE and NH2 /SnO2 /GCE. Remarkably, it
was clear that SWASV reponse of Cd(II) on NH2 /SnO2 -RTIL/GCE
is much higher than that toward Zn(II), Pb(II), Cu(II) and Hg(II).
However, an obvious stripping response of Pb(II) was observed on
SnO2 -RTIL/GCE, so it can’t be used for the selective detection of
Cd(II). These results demonstrated that the excellent sensitive and
selective response of NH2 /SnO2 -RTIL/GCE toward Cd(II).

3.4. Sensitivity and selectivity

The electrochemical behavior of NH2 /SnO2 -RTIL/GCE on the
detection of Cd(II) was investigated carefully. Fig. 5a shows
the SWASV response of NH2 /SnO2 -RTIL/GCE toward Cd(II) over
a concentration range of 0.01 M–0.2 M at pH 8.5 HAc-NaAc
buffer solution (0.1 M). Strong and well-deﬁned peaks at about
−0.96 V vs. Ag/AgCl can be observed clearly. The sensitivity of

Under the optimal experimental conditions, to conﬁrm the
NH2 /SnO2 -RTIL/GCE has excellent sensitivity and selectivity
toward Cd(II). The typical SWASV signals of bare GCE, SnO2 /GCE,
SnO2 -RTIL/GCE, NH2 /SnO2 /GCE, and NH2 /SnO2 -RTIL/GCE toward

3.5. Electrochemical determination of Cd(II) with NH2 /SnO2 -RTIL
nanocomposite
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Fig. 2. (a) Cyclic voltammograms and (b) Nyquist diagram of electrochemical
impedance spectra obtained at bare GCE, NH2 /SnO2 , and NH2 /SnO2 -RTIL nanocomposite modiﬁed GCE in the solution of 5 mM Fe(CN)6 3−/4− containing 0.1 M KCl. In
panel (a) the potential scan rate is 0.1 V s−1 .

128.75 ± 3.28 A M−1 was obtained from the slope of the calibration plot (inset in Fig. 5a) with a correlation coefﬁcient of 0.999.
The limit of detection (LOD) was 0.0043 M (3 method). As the
LOD achieved is well below the guideline value of Cd(II) in drinking water set by World Health Organization (WHO) (0.0267 M),
so the NH2 /SnO2 -RTIL may be promising for real water samples
electroanalysis. Meanwhile, to examine the electrochemical selective behavior of NH2 /SnO2 -RTIL/GCE toward Cd(II) at the deposition
potential −1.15 V and pH 8.5 HAc-NaAc buffer solution (0.1 M).
Thus, the electrochemical behavior of NH2 /SnO2 -RTIL/GCE for the
detection of Cd(II) was also investigated when adding 0.1 M
of each of four common heavy metal ions (Zn(II), Pb(II), Cu(II)
and Hg(II)). Fig. 5b shows the SWASV response of the NH2 /SnO2 RTIL/GCE toward Cd(II) at different concentrations in the presence
of Zn(II), Cu(II), Pb(II) and Hg(II). It can be clearly observed that
the stripping current of Cd(II) (0.1 M) was signiﬁcantly higher
than that toward Zn(II), Pb(II), Cu(II) and Hg(II). Although Zn(II),
Pb(II), Cu(II) and Hg(II) co-existed, the SWASV responses of Cd(II)
increase in a linear manner over the range of 0.01 M–0.2 M with
the sensitivity and LOD of 124.03 ± 3.75 A M−1 and 0.0054 M,
respectively (inset in Fig. 5b), the changes of the sensitivity and
LOD are almost negligible compared with that the obtained sensitivity and LOD (128.75 ± 3.28 A M−1 and 0.0043 M) (Fig. 5a)
in the absence of Zn(II), Cu(II), Pb(II) and Hg(II). On the basis of
the above results, it can be demonstrated that the proposed analytical method has excellent sensitivity and robust selectivity for
the efﬁcient detection of Cd(II). As is known to all, when the product of ion concentration (Q) is larger than the solubility product
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Fig. 3. Optimum experimental conditions. Inﬂuence of (a) supporting electrolyte pH
value and (b) deposition potential on the voltammetric response of the NH2 /SnO2 RTIL/GCE. Data were evaluated by SWASV in solution containing 0.1 M of each of
Zn, Cd(II), Pb(II), Cu(II) and Hg(II).

Fig. 4. Sensitivity and selectivity studies of typical SWASV signals of bare GCE,
SnO2 /GCE, SnO2 -RTIL/GCE, NH2 /SnO2 /GCE, and NH2 /SnO2 -RTIL/GCE toward 0.1 M
ﬁve blended heavy metal ions (Cd(II), Zn(II), Cu(II), Pb(II), and Hg(II)) at pH 8.5 HAcNaAc solution (0.1 M), respectively. Deposition potential, −1.15 V; deposition time,
150 s; amplitude, 25 mV; increment potential, 4 mV; frequency, 15 Hz.

(Ksp ), it begins to form a precipitate. In this system, the Q of Cu(II)
and Hg(II) (0.1 M) corresponding hydroxide are calculated to be
1.0 × 10−17.5 at pH 8.5 electrolyte, which are much larger than their
Ksp , so they could form precipitate Cu(OH)2 and Hg(OH)2 at pH 8.5
buffer solution, respectively. And the concentration of Cu(II) and
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Fig. 5. (a) SWASV responses and the corresponding calibration plot (inset in panel)
of the NH2 /SnO2 -RTIL/GCE toward Cd(II). (b) SWASV responses and the corresponding calibration plot (inset in panel) of the NH2 /SnO2 -RTIL/GCE toward Cd(II) when
adding 0.1 M Cu(II), Pb(II), Hg(II) and Zn(II). SWASV conditions are identical to
Fig. 4. The dotted line refers to the baseline.

Hg(II) in the free state is too low to be detected. Furthermore, Zn(II)
cannot be reduced at the deposition potential of −1.15 V at pH 8.5
media. Meanwhile, Pb(II) is a relative weak Lewis acid, so Pb(II) is
hard to be captured by −NH2 . The above discussion provides the
possible explanations for the selective determination of Cd(II) in
the presence of common coexisting ions. Futhermore, considering
the practical application, the stability (repeated analysis and long
term test) and reproducibility of the proposed method were investigated in detail and presented in Fig. S2. These results conﬁrmed
that NH2 /SnO2 -RTIL nanocomposite modiﬁed GCE has excellent
stability and reproducibility for the electroanalysis of Cd(II), which
has a great potential for on-line monitoring of Cd(II) in real water
environment.
3.6. 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 [40]. Therefore, the SWASV response of
Cd(II) is determined by how well the electrode materials can absorb
it, which is subsequently accumulated on the surface of modiﬁed electrode. To conﬁrm this possible mechanism of enhanced
stripping signal based on the –NH2 efﬁcient cation capture, and

Fig. 6. (a) XPS spectra and (b) high-resolution XPS spectra of Cd3d signature region
for SnO2 and NH2 /SnO2 after Cd(II) absorption at pH 8.5 HAc-NaAc solution, respectively.

the relationship between the voltammetric signal and the amount
of adsorbed Cd(II) was preliminary explored by XPS. In the full
spectrum (Fig. 6a), the XPS survey spectra of Cd(II) adsorbed on
SnO2 and NH2 /SnO2 nanocomposite reveal the presence of tin,
oxygen, carbon, nitrogen, and cadmium at 486.58, 530.47, 284.80,
399.51, and 405.08 eV corresponding to the Sn3d, O1s, C1s, N1s,
and Cd3d, respectively, suggesting that Cd(II) has been successfully
adsorbed onto SnO2 and NH2 /SnO2 nanocomposite. Fig. 6b shows
the high-resolution XPS spectra of Cd3d adsorbed on SnO2 and
NH2 /SnO2 nanocomposite, respectively. As observed, Cd3d bands at
405.08 eV can be clearly observed in SnO2 and NH2 /SnO2 nanocomposite after Cd(II) adsorption, however, the intensity of Cd3d on
NH2 /SnO2 nanocomposite was much more stronger than that at
SnO2 . The atomic ratio of Cd to Sn (inset in Fig. 6b) was about 1.172%
and 8.681% on SnO2 and NH2 /SnO2 nanocomposite, respectively,
which indicates the higher adsorption capacity can be obtained on
NH2 /SnO2 nanocomposite. Based on the above results, it can be
concluded that a large amount of Cd(II) adsorbed on the NH2 /SnO2
nanocomposite was realized mainly by –NH2 cation capture. Owing
to the efﬁcient preconcentration of Cd(II) onto NH2 /SnO2 nanocomposite, which employed as sensing materials greatly enhanced
stripping signal toward Cd(II).
3.7. Real sample analysis
To validate and evaluate the efﬁciency of the present electrode
for real samples applications, the NH2 /SnO2 -RTIL/GCE was further
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water samples. Notably, the possible mechanism of enhanced stripping signal based on the amination efﬁcient cation capture was
demonstrated. Findings of this work indicated that electrode materials and experiment conditions, such as electrolyte pH, deposition
potential, play an equally crucial role in the sensitive and selective
detection of analytes. It is believe that these studies are beneﬁcial to
broaden horizons of the sensitivity and selectivity of electroanalysis
toward other hazardous substance.
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Appendix A. Supplementary data
Fig. 7. Typical SWASV responses of standard additions of Cd(II) into a real water
sample diluted with pH 8.5 HAc-NaAc solution (0.1 M) in a ratio of 2:8. SWASV
conditions are identical to Fig. 4. The red line refers to signal without adding Cd(II).
(For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)

used to determination of Cd(II) in a real water sample, which was
collected from Wangxiaoying sewage treatment plant (inﬂow and
outﬂow), Hefei City, Anhui, China. After ﬁltering (Inﬂow), the real
sample was diluted with pH 8.5 HAc-NaAc buffer solution (0.1 M)
in a ratio of 2:8. Standard additions were adopted and a linear
concentration curve was obtained. Fig. 7 shows the representative SWASV response and the corresponding calibration plots. As
seen, an obvious stripping peak of Cd(II) (red line) could be found,
indicating Cd(II) was detected in the real water sample. In addition, due to the coexistence of Pb(II) and Cu(II), the extremely small
peaks of Pb(II) and Cu(II) were also observed, respectively. The linear calibration resulted in a sensitivity of 123.74 ± 3.49 A M−1 .
The concentration of Cd(II) in the real sample was calculated to be
0.0161 M. For comparison, the concentration of Cd(II) in the real
sample was determined using inductively coupled plasma atomic
emission spectroscopy (ICP-AES), and the measured concentration
was 0.0170 M. The result demonstrated that the proposed method
is highly accurate and reliable for the detection of Cd(II), and no
obvious interference is observed in the presence of other coexisting ions. Furthermore, the treated sewage (outﬂow) was also
analyzed in the same way, no obvious stripping peak was observed,
suggesting Cd(II) has been treated thoroughly. Therefore, the proposed method has practical application potential for the effective
assessment of the efﬁciency of wastewater treatment.
To further demonstrate the validity of the present electrode, the
real water samples (reservoir water and tap water) were spiked
with Cd(II) at different concentration levels, and the recovery was
investigated. As shown in Table S1, the recovery obtained was
varied from 97.10% to 103.20%, which further conﬁrmed that the
proposed method has important practical application potential for
the electroanalysis of Cd(II) in real water samples.
4. Conclusion
In summary, a sensing interface for determination of Cd(II) was
successfully designed and constructed by NH2 /SnO2 -RTIL modiﬁed
GCE. Combined efﬁcient capture of Cd(II) with reasonable control
of experiment conditions, sensitive and selective detection of Cd(II)
was achieved in the presence of other common coexisting metal
ions. Moreover, the excellent stability and reproducibility of the
NH2 /SnO2 -RTIL/GCE toward Cd(II) were obtained. Meanwhile, the
proposed method has been successfully applied to analyze real

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.snb.2016.09.060.
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