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Functionalized porous Si nanowires for selective and simultaneous
electrochemical detection of Cd(II) and Pb(II) ions
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ARTICLE INFO ABSTRACT

Article history:

Thiol and amino-functionalized porous Si nanowires have been demonstrated to selectively detect Cd(II)
and Pb(II) with high sensitivity using square wave anodic stripping voltammetry (SWASV) analysis.
Through a typical Ag-assisted chemical etching approach, uniform and porous Si nanowires have been
fabricated on heavily doped Si wafer. Continuously functionalized by (3-mercaptopropyl)trimethox-
ysilane (MPTMS) and (3-aminopropyl)triethoxysilane (APTES), the internal and external surfaces of
porous Si nanowires have been decorated with thiol and amino groups, respectively. Inspired by the
intrinsic properties of porous nanostructures, their electrochemical performances toward heavy metal
ions have been further evaluated. The results indicate that Cd(Il) and Pb(II) can be detected with high
sensitivity owing to the strong complexing capacity of thiol and amino groups. Additionally, porous Si
nanowires decorated with thiol groups present different stripping behaviors from those with amino
groups toward the investigated heavy metal ions, realizing the selective and simultaneous detection of Cd
(1) and Pb(II). Furthermore, simultaneous detection of Cd(Il) and Pb(Il) has also been demonstrated
without any interference and their individual high sensitivity has been fundamentally preserved.
Expectedly, porous Si nanowires as an effective modifier can be further extended to selectively detect
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other heavy metal ions through modifying with other functional organic groups.
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1. Introduction

Heavy metal ions, as one class of the most dangerous water
pollutants, have been receiving great attention because they are
extremely harmful in the biosphere and detrimental to human
health [1-4]. Therefore, it is very important to get their specific
information in the drinking water. Among various developed
approaches, electrochemical analysis, especially for the anodic
stripping voltammetry method as a powerful technique, has been
widely employed to detect trace amount of various toxic metal ions
due to its excellent sensitivity, short analysis time, portability and
low cost, etc [5-10].

* Corresponding author at: Nanomaterials and Environmental Detection
Laboratory, Institute of Intelligent Machines, Chinese Academy of Sciences, Hefei,
230031, PR China.

** Corresponding authors.
E-mail addresses: zhguo@iim.ac.cn (Z. Guo), ykchoi@ee kaist.ac.kr (Y.-K. Choi),
xingjiuhuang@iim.ac.cn (X.-J. Huang).

http://dx.doi.org/10.1016/j.electacta.2016.06.141
0013-4686/© 2016 Elsevier Ltd. All rights reserved.

Undoubtedly, the sensitivity for anodic stripping voltammetry
depends on the accumulation of the target metal ions [11,12].
Therefore, it is closely related to the modifiers of electrochemical
electrode. Recently, nanomaterials have been extensively
employed as promising modifiers owing to their large surface
area and high adsorbing ability, which mainly focuses on carbon-
based nanomaterials and metal oxide nanostructures [13-16].
Furthermore, the introduction of functional groups onto the
modified electrode is also extremely attractive to obtain a selective
determination of specific heavy metal ion [17-20]. However, for
the modifiers of nanostructured metal oxides, their limitations
mainly lie in the weak chemical stability that they can be etched in
the acidic supporting electrolytes. For carbon-based nanomaterials
(carbon nanotubes and graphene, etc), the required chemical
modification is complex because of the removal of metal catalysts
and their weak dispersion. In addition, their native structures are
easily broken during the process of chemical modification. Hence,
it still remains desirable and necessary to develop suitable
nanomaterials as modifiers of electrochemical electrodes.
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Besides its famous electronic functionality, recently functional
Si-based nanomaterials with meso-porous structures have been
used to absorb heavy metal ions, motivated by their higher active
surface-to-volume ratios in contrast to solid nanomaterials. Till
now many functionalized porous silicas have been synthesized and
successfully employed as adsorbents to remove heavy metal ions
from wastewater [21-25]. Our previous reports have demonstrated
that nanomaterials with selective absorption present selectively
electrochemical response toward heavy metal ions. Following this
view, Si nanomaterials should be expectedly applied as an
alternative modifier to detect heavy metal ions. Superior to
aforementioned carbon-based and metal oxide nanomaterials, Si
nanomaterials are easily functionalized and with a good chemical
stability. Actually, they have been employed as an advanced
substrate and conducting pathways for constructing electrochem-
ical sensors [26-28]. However, there are still few reports about the
electrochemical detection of heavy metal ions using Si-based
nanomaterials [29-32].

Inspired by their chemical and physical characters and intrinsic
properties of porous nanostructures, herein functionalized Si
porous nanowires have been prepared and employed to modify
electrochemical electrode for the determination of typical heavy
metal ions of Pb(Il) and Cd(Il). First, Si nanowires have been
fabricated with numerous meso-porous structures through an Ag-
assisted chemical etching approach. After modified by MPTMS and
APTES, thiol and amino groups are grafted on the surface of porous
Si nanowires and even on the interior wall of porous holes. Then,
their electrochemical sensing performances toward Pb(II) and Cd
(I1) have been evaluated. The results indicate that high sensitivities
have been achieved owing to the strong complexing capacity of
thiol and amino groups to Cd(Il) and Pb(II). Notably, porous Si
nanowires as promising carriers can be easily modified with other

functional groups owing to their surface activity. So this approach
can be further extended to selectively detect other heavy metal
ions through modifying porous Si nanowires with specific organic
groups.

2. Experimental Details
2.1. Chemicals and Reagents

All chemicals and reagents were purchased from Aldrich and
used as received without further purification. Milli-Q water with a
resistivity of greater than 18.0 M{)-cm was used in the preparation
of aqueous solutions.

2.2. Preparation of thiol and amino-functionalized porous Si
nanowires

To prepare Si nanowires with meso-porous structures, heavily
(<0.005 ) cm) doped p-type Si (100) wafers were employed and
etched via an Ag-assisted chemical etching approach similar with
previous reports [26]. Differently, the etching time increased to
30min in order to increase the length of Si nanowires. After
completely removing the catalyst of Ag, their modifications were
performed. First, as-prepared porous Si nanowires scratched from
the silicon substrate were dispersed into 97% H,S04/30% H,0, (3:1,
v/v) at 60°C for 30min to develop hydroxyl groups on their
surfaces. After centrifugation and washing with DI water for
several time, certain amount of them were added into in anhydrous
toluene with excess MPTMS or APTES and refluxed for 6 h at 80 °C.
Then thiol or amino-functionalized Si nanowires were obtained via
centrifugation and washing with toluene, ethanol and water,
respectively. Finally, all achieved samples were dried in air.

Fig 1. (a) top-view SEM image, (b) cross sectional SEM image, and (c) TEM image of as-prepared porous Si nanowires array; (d) high-magnified TEM image of individual

nanowire.



1000 Z. Guo et al./Electrochimica Acta 211 (2016) 998-1005

2.3. Fabrication of modified electrode

Prior to modification, glassy carbon electrodes (GCE) were
polished sequentially with aqueous slurries of 1 and 0.05 .m size
alumina powder and sonicated for 1 min in deionized water after
each stage of polishing, and then CV (Cyclic Voltammetry)
characteristics was employed in 0.5 mM K3Fe(CN)s with 0.1 M
KCl solution at scan rate 50 mVs~! until a quasi-reversible redox
reaction was presented. The fabrication of the modified GCE was
performed as follows: First, thiol or amino-functionalized porous
Si nanowires (10mg) were dissolved in 1mL of ethanol and
sonicated for 30 min to get a homogeneous suspension. Then a
5mL of the obtained suspension was pipetted onto the freshly
polished surface of GCE. After drying in the air, 2.5 L of Nafion
ethanol solution (0.5 wt. %) was dropped again on its surface to fix
the modifiers. For comparison, pristine porous Si nanowires
modified GCE was also prepared in the same approach.

2.4. Characterization of as-prepared samples and electrochemical
measurements

The morphologies and microstructures of as-prepared samples
were investigated with a Quanta 200 FEG Environmental scanning
electronic microscopy (ESEM) and JEOL 2010 transmission electron
microscopy (TEM). The infrared (IR) spectra were obtained with a
Nicolet Nexus-670 FT-IR spectrometer. X-Ray photoelectron
spectroscopy (XPS) analyses of the samples were conducted on
a VG ESCALAB MKII spectrometer using an Mg Ko X-ray source
(1253.6eV, 120W) at a constant analyzer. The energy scale was
internally calibrated by referencing the binding energy (Ep) of the C
1s peak at 284.60eV for contaminated carbon.

All electrochemical measurements were carried out using a
computer-controlled potentiostat (CHI 621B) and preformed in a
conventional three-electrode cell comprising the modified glassy
carbon electrode as a working electrode, a platinum wire as a
counter electrode, and an Ag/AgCl in saturated KCI solution as a
reference electrode. Square wave anodic stripping voltammetry
(SWASV) was used for the following detection under optimized
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conditions. Cd(II) and Pb(II) were reduced and accumulated at the
potential of —1.2V for 180s in 0.1M NaAc-HAc (pH=4.0).
Subsequent anodic stripping was performed in the potential range
of —1.2 to 0.4V with a step potential of 4 mV, frequency of 15Hz
and amplitude of 25 mV. The simultaneous and selective detection
of Cd(Il) and Pb(Il) has been performed under the same
experimental conditions. All electrochemical data were subjected
to statistical analysis and were presented with error bars
corresponding to standard errors after repeatedly measured for
5 times.

3. Results and discussion
3.1. Fabrication of porous Si nanowires and their functionization

Via a typical Ag-assisted chemical etching approach, porous Si
nanowires have been fabricated, which is similar to our previous
report [26]. As shown in Fig. 1a, as-prepared Si nanowires array is
high density and large scale. After etching for around 30 min, the
length of Si nanowires is up to about 20 wm from their cross-
sectional view, displayed in Fig. 1b. In Fig. 1c, TEM images of the
fabricated nanowires are presented. Evidently, as-prepared nano-
wires are uniformly and highly porous nanostructure. From highly
magnified TEM image shown in Fig. 1d, it can be further confirmed
that it belongs to meso-porous structure. Accordingly, as-prepared
porous Si nanowires are endowed with higher surface area in
contrast to their solid one, leading to a widely potential
application.

To enhance the absorption of porous Si nanowires toward to
specific heavy metal ion, thiol(-SH) and amino(-NH,) functioni-
zation have been further performed. Their schematic processes are
presented in Fig. 2a, analogous to previous reports [33,34]. In
Fig. 2b, FT-IR spectrums of pristine, amino- and thiol-porous Si
nanowires are presented. For pristine porous Si nanowires (Si
NWs), the vibrating bands in the range of 1100-800cm™' are
attributed to the asymmetric and symmetric stretching modes of
Si-O groups arising from the thin layer of SiO, formed on their
surfaces. After anchoring MPTMS and APTES onto porous Si
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Fig. 2. (a) schematic process of thiol (—SH) and amino(—NH,) functionization of porous Si nanowires; (b) FTIR spectra of pristine porous Si nanowires(Si NWs), amino-
functionalized porous Si nanowires(Si NWs-NH,), and thiol-functionalized porous Si nanowires(Si NWs-SH); (c) FTIR spectra corresponding to the magnified spectra ranging

from 1250 to 3100 cm ! of Si NWs, Si NWs-NH,, and Si NWs-SH.
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nanowires, two bands in the range of 2950-2850cm~! are

emerged, which is ascribed to the vibrating bands of —CHs-.
For the amino-Si nanowires (Si NWs-NH,), two new major peaks
centered at about 1484 and 1559 cm™! are emerged, which are
ascribed to the asymmetric and symmetric stretching vibrations of
the —NH, groups, respectively. For the thiol-Si nanowires (Si NWs-
SH), it could be easily observed that the characteristic vibration
peak corresponding to —SH is emerged at about 2556cm™!
although it is very weak. Based on the above results, it can be
clearly concluded that porous Si nanowires are successfully grafted
with functional groups of —NH, and —SH after modified by APTES
and MPTMS, respectively.

From their X-ray photoelectron spectra (XPS), the above results
can be further confirmed. As shown in Fig. 3a, a strong oxygen peak
besides the peaks of Si is appeared for the pristine porous Si
nanowires due to the formation of a very thin shell of SiO; in air.
The F peak arises from the residual of HF during the etched process.
Notably, the weak C peak is from the carbon dioxide in air or
organic remnants during the fabrication process. After modifica-
tion with APTES, the intensity of C peak is greatly increased, as
displayed in Fig. 3b. Additionally, the N peak is emerged, indicating
that porous Si nanowires are modified by numerous —NH, groups.
In Fig. 3¢, the emergences of S peaks confirm that —SH groups are
exposed on the porous Si nanowires after thiol-modification.
Moreover, the intensity of C peak is also increased, similar with
amino-porous Si nanowires.
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Fig. 3. XPS spectra of (a) pristine porous Si nanowires, (b) amino-functionalized
porous Si nanowires, and (c) thiol-functionalized porous Si nanowires.
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Fig. 4. SWASV curves of bare GCE, Si NWs/GCE, Si NWs-NH,/GCE, and Si NWs-SH/
GCE to 500 nM Cd(II) and 250 nM Pb(II) at the accumulation potential of —1.2 V with
accumulation time of 180s in HAc-NaAc (pH=4.0).

3.2. Enhanced electrochemical sensing behaviors of functional porous
Si nanowires(Si NWs) toward Cd(1l) and Pb(1l)

In order to demonstrate the enhanced effects of electrochemical
sensing behaviors towards heavy metal ions, SWASV curves of
different modified electrodes have been performed, as shown in
Fig. 4. Under a typical electrochemical detecting conditions, we can
observe that the striping peaks of Cd(II) and Pb(II) is still weak on
pristine porous Si nanowires modified GCE (Si NWSs/GCE),
compared with those on bare GCE. For amino-porous Si nanowires
modified GCE (Si NWs-NH,/GCE), the striping peak of Pb(II) greatly
increases. Meanwhile, it cannot improve the stripping behavior to
Cd(II). This result is arised from the strong complexing interaction
between —NH, and Pb(II) [35]. Notably, for the thiol-porous Si
nanowires modified GCE (Si NWs-SH/GCE), their stripping
behaviors for Cd(II) and Pb(Il) are both greatly enhanced. It is
well agreement with previous reports that thiol functional groups
present a good absorbing performance toward Cd(Il) and Pb(II),
enhancing their electrochemical responses [36-38]. These results
suggest that the Si NWs modified with different functional groups
exhibit different stripping behaviors toward different heavy metal
ions.

3.3. Optimization of experimental conditions

For the stripping behaviors of heavy metal ions on electro-
chemical electrode, it usually affected by pH value of supporting
electrolyte solution, accumulation time and potential. To obtain
the optimal above parameters, Si NWs-SH/GCE toward Cd(II) as an
example was employed. Based on SWASV curves shown in Fig. 5a,
the strength of stripping peaks is evidently affected by pH value. At
about pH 4.0, it presents the strongest stripping peaks, as shown in
Fig. 5b. Therefore, the supporting electrolyte of pH 4.0 is employed
in the following detection. Besides its strength, the potential of
stripping peak weakly and positively shifted with the increase of
pH value.

Moreover, the accumulation time can affect the amount of
analyte accumulated onto electrode surface, which further affects
the detection limit and the sensitivity. So the dependence of peak
currents on the accumulation time has been also studied and the
results are depicted in Fig. 5¢. Clearly, the response of the stripping
peak currents of Cd(Il) is enhanced with the increase of the
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Fig. 5. (a) SWASV curves for Si NWs-SH/GCE to 200 nM Cd(II) in 0.1 M HAc-NaAc buffer solution with different pH value for accumulation time of 180s at accumulation
potential of —1.2 V and (b) the corresponding plot of stripping peak current versus pH value; (c) the plot of stripping peak current versus accumulation time to 500 nM Cd(II) in
0.1 M HAc-NaAc (pH =4.0) buffer solution at accumulation potential of —1.2 V, and (d) the plot of stripping peak current versus accumulation potential to 500 nM Cd(Il) in 0.1 M
HAc-NaAc (pH =4.0) buffer solution for accumulation time of 180s.
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accumulation time and reached a slower growth at 180s. It is due
to the increased amount of analyte on the modified electrode
surface and subsequently become saturated. Although increasing
the accumulation time improves the sensitivity, it also lowers the
upper detection limit due to the surface saturation at high metal
ions concentrations [39]. Therefore, to achieve lower detection
limit and wider response range, the accumulation time of 180 s was
chosen for further detection.

In stripping analysis, the application of adequate accumulation
potential is also very important to achieve the best sensitivity. Thus
the effect of the accumulation potential on the peak current after
180 s accumulation was studied in the potential range from —0.9V
to —1.3V. As shown in Fig. 5d, the resulting stripping current
increases when the accumulation potential shifts from —0.9V to
—1.2V and reached a plateau after —1.2 V. Thus, we choose —1.2V
as the optimal accumulation potential for the subsequent stripping
experiment.

3.4. Detection of Pb(1l) and Cd(II)

First, striping behaviors of Cd(Il) has been investigated at Si
NWs-SH/GCE and Si NWs-NH,/GCE, respectively. SWASV curves
for Si NWs-SH/GCE toward different concentrations of Cd(Il) are
shown in Fig. 6a. It can be found that the stripping currents
increase with the increase of the concentrations of Cd(II).
According to the relationship between stripping current and
concentration, a well-defined linear curve has been presented in
the range from 5 to 250 nM. Compared with Si NWs-SH/GCE, the
response toward Cd(Il) is weaker for Si NWs-NH,/GCE. Fig. 6¢
shows the stripping curves of different concentration of Cd(II) at Si
NWs-NH,/GCE. Clearly the stripping current is lower than that on
Si NWs-SH/GCE under the same concentration of Cd(II). From the
relationship between stripping current and concentration of Cd(II)
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shown in Fig. 6d, obviously the sensitivity of Si NWs-NH,/GCE
(0.0035 wA/nM) is also lower than that on Si NWs-SH/GCE
(0.04 pA/nM) given in Fig. 6b. This difference may be due to that
thiol-function Si NWs present a higher affinity than that of amino-
function Si NWs.

In addition, the responses of the modified electrodes towards
Pb(II) have also been performed. For Si NWs-SH/GCE, the stripping
currents at —0.55V greatly increase with the concentration of Pb
(I) (Fig. 7a). Similar result is also obtained for Si NWs-NH,/GCE
(Fig. 7c¢). In contrast with Cd(II), Si NWs-SH/GCE and Si NWs-NH,/
GCE both show a better preconcentration toward Pb(II). However,
Si NWs-SH/GCE still present a better response to Pb(II) than that of
Si NWs-NH,/GCE, which can be inferred from their relationships
between stripping current and concentration of Pb(Il) shown in
Fig. 7b and d. The sensitivity of Si NWs-NH,/GCE toward Pb(II)
(0.036 LA/nM) is also lower than that on Si NWs-SH/GCE
(0.074 pnA/nM).

Simultaneous measurement of Cd(II) and Pb(Il) was also
performed, as shown in Fig. 8a, it can be seen that Si NWs-SH/
GCE shows individual peaks at about —0.6 and —0.8 V for Pb(II) and
Cd(II) in their coexistence. Linear increase in the stripping peak
current is achieved with the increase of the concentration of Pb(II)
and Cd(II) simultaneously. Notably, the sensitivity of the electrode
almost does not change when these two ions coexist at the
concentration tested in this investigation (Fig. 8b). The sensitivities
for individual and simultaneous measurements of Cd(Il) and Pb(II)
are comparable, indicating that simultaneous measurement of Cd
(1) and Pb(II) on Si NWs-SH/GCE is feasible. For Si NWs-NH,/GCE, it
can realize selective detection of Pb(II) due to the weak response
toward Cd(II) (0.036 wA/nM vs. 0.0035 pA/nM).

After finishing the individual and simultaneous measurements
of Pb(II) and Cd(II), we next seek to investigate the mutual
interferences between Pb(Il) and Cd(Il) at the Si NWs-SH/GCE.
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Fig. 7. SWASV curves of (a) Si NWs-SH/GCE and (c) Si NWs-NH,/GCE to different concentration of Pb(II); The relationship between concentration and stripping peak current
for (b) Si NWs-SH/GCE and (d) Si NWs-NH,/GCE at the accumulation potential of —1.2V with the accumulation time of 180s in HAc-NaAc (pH=4.0).
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Data were recorded at the accumulation potential of —1.2V with the accumulation time of 180s in HAc-NaAc (pH=4.0).

Increasing the concentration of Cd(Il) in the presence of 100 nM Pb
(I) (Fig. 8c), the stripping peak current for Cd(II) also gradually
increases. Simultaneously, the stripping curves for Pb(Il) is
fundamentally remained. Moreover, the peak for Cd(Il) can be
still linearly increased and the sensitivity is very close to that for
individual measurement. Similar phenomenon could be observed
for different concentration of Pb(Il) in the presence of 100 nM Cd
(II), as shown in Fig. 8d. All the results indicate that the
electrochemical response of Pb(II) or Cd(II) on the Si NWs-SH/
GCE is unaffected by the presence of another ion.

3.5. Selectivity

The selectivity of the Si NWs-SH/GCE and Si NWs-NH,/GCE are
determined by challenging it with several heavy metal ions.
Typical heavy metal ions including Cu(Il), Zn(Il) and Cr(Ill) are
chosen as potential interfering ions for investigating their
selectivity. Experiments were performed individually in 0.1 M
NaAc-HAc (pH 4.0) containing each single metal ion. The results are
shown in Fig. 9. In the potential range of —1.2 to 0.4V, little
stripping peak current signal could be observed for each metal ion
mentioned above, even though they are at the high concentrations
of 5 WM compared with that of pure 250 nM Pb(II) and Cd(II). The
results suggest that the potential interfering ions have no
significant influences on the stripping peak current of Cd(II) and
Pb(II).

4. Conclusion

In summary, thiol and amino-functionalized Si porous nano-
wires have been successfully prepared via a chemical modification
with MPTMS and APTES, respectively. Electrochemical results
demonstrate that they can be employed to modify electrodes to
selectively detect Cd(Il) and Pb(II) with high sensitivity, which is
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Fig. 9. Selectivity studies of Si NWs-SH/GCE and Si NWs-NH,/GCE. Data were
recorded at the accumulation potential of —1.2V with the accumulation time of
180s in HAc-NaAc (pH=4.0).

ascribed to the strong complexing capacity of thiol and amino
groups. Furthermore, porous Si nanowires decorated with thiol
groups present different stripping behaviors from those with
amino groups toward Cd(II) and Pb(II). They both show better
sensing performances toward Pb(II) in contrast to Cd(II). But thiol-
functionalized Si porous nanowires present higher sensitivity with
0.04 wA/nM and 0.074 pA/nM toward Cd(II) and Pb(II), respective-
ly. Moreover, simultaneous detection of Cd(Il) and Pb(II) has also
been demonstrated without any interference. Their sensing
performances are not affected by other metal ions, fundamentally
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preserving their individual high sensitivity. We believe that porous
Si nanowires can be expectedly used as an effective modifier to
selectively detect other heavy metal ions through modifying with
other specific organic groups.
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