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ABSTRACT: In this work, indium tin oxide (ITO) electrodes
were functionalized with varying 3-aminopropyltriethoxysilane
(APTES) concentration percentages (0.5, 0.75, 1.0, and 2.0 wt
%) to obtain the optimum conditions for the assembly of the as-
synthesized gold nanoparticles (AuNPs). The AuNP coverage,
wettability, and electrochemical performance of the modified
electrodes were evaluated. The AuNP/0.75% APTES-ITO-
modified electrode exhibited uniform coverage of AuNPs and
high electrochemical performance for the simultaneous detection
of Cd(II), Pb(II), and Cu(II) ions. Under the optimum
conditions, the AuNP/0.75% APTES-ITO-modified electrode
showed a linear detection range of 5−120 ppb and limit of
detection of 0.73, 0.90, and 0.49 ppb for the simultaneous
detection of Cd(II), Pb(II), and Cu(II) ions, respectively, via square wave anodic stripping voltammetry. The modified electrode
demonstrated good anti-interference toward other heavy metal ions, good reproducibility, and suitability for application in
environmental sample analysis.

1. INTRODUCTION
Rapid industrialization and urbanization have led to heavy
metal pollution becoming a serious problem for the environ-
ment and human health. Heavy metals from leaded petrol,
industrial effluents, and agricultural activities have been
released into the atmosphere, soil, and water.1 As a result of
the nonbiodegradable and toxic nature of heavy metals, they
can accumulate in soft tissues and the food chain, posing a
serious threat to both health and the environment.2,3

Therefore, heavy metal concentrations in drinking and
industrial wastewaters must be continuously monitored.
In general, spectroscopic techniques such as inductively

coupled plasma (ICP)-mass spectrometry, inductively coupled
plasma optical emission spectrometry (ICP-OES), and atomic
absorption spectrometry have been used in heavy metal
detection. These methods have high sensitivity and high
selectivity. However, they have drawbacks of expensive
equipment and time-consuming sample preparation and
cannot be used for on-site measurement. Thus, a sensor for
heavy metal detection must be developed. The sensor should
be cost-effective, have high accuracy and simple operation, and
allow real-time in situ measurements.
Heavy metal sensors include optical sensors, electrochemical

sensors, and piezoelectric sensors.1,4 Electrochemical sensors
are favorable for heavy metal detection. These sensors allow
the sensitive, selective, inexpensive, and simultaneous detection

of heavy metals for on-site monitoring.1,5 For electrochemical
sensors in heavy metal detection, the sensitivity and specificity
of the electrochemical sensors are dependent on the working
electrode. Conventionally, the working electrode is based on
bulk mercury and bismuth. However, these types of electrodes
have been replaced because of their toxicity to humans and the
environment. Recently, disposable electrodes, such as screen-
printed electrodes (SPCEs) and indium tin oxide (ITO)
electrodes, have been used for electrochemical heavy metal
detection.6,7

For electrochemical sensors in heavy metal detection, the
anodic stripping voltammetry (ASV) technique is commonly
employed because it allows the simultaneous detection of
multiple heavy metal ions and features a low limit of detection
(LOD).8 However, the main challenges over simultaneous
detection using ASV are the overlapping of peaks due to the
close proximity of the potential range between heavy metal
ions, competition of the active surface area between heavy
metal ions, presence of intermetallic interference, low cathodic
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potential limit, and generation of H2 bubbles during deposition
that can cause electrode fouling. To overcome these
limitations, a disposable working electrode is commonly
modified with nanomaterials and metal film, or chemically
modified with polymers and coupling agents.
Chemical modification using conducting polymers such as

polyaniline (PANI) and polypyrrole (PPy) or coupling agents
like hanethiol hydrochloride, 3-mercaptopropyl trimethoxysi-
lane (MPTMS), and aminopropyltriethoxysilane (APTES)
combined with nanoparticles is of interest in the modification
of disposable electrodes for heavy metal detection.9−11 The
presence of chemical functional groups, such as amino
(−NH2), thiol (−SH), carboxylic (−COOH), alkyl, phenolic,
and silane groups, that are able to preconcentrate and absorb
heavy metal ions makes the working electrode have high
sensitivity and selectivity.11,12 In addition, the presence of a
coupling agent serves as a linker between the surface of the
working electrode and nanoparticles to obtain high mechanical
stability and robustness of the modified electrode.13 Mean-
while, the addition of nanoparticles with excellent conductivity,
good electrocatalytic activity, and high surface area may further
enhance the performance of the modified electrode in heavy
metal detection.14

Lo et al.15 developed an aminobenzenediazonium-ITO
electrode modified with PPy thin film doped with benzene
sulfonic acid modified for the simultaneous detection of
Pb(II), Cu(II), and Cd(II) with an LOD of 0.2, 0.7, and 1 ppb,
respectively. The presence of a robust PPy film that has good
adherence to the aminophenyl-ITO electrode can chelate
metal ions and thereby enhance the high sensitivity and
selectivity of the modified electrode. Guo et al.16 reported
chemically functionalized silicon nanowires with MPTMS and
APTES for the simultaneous detection of Cd(II) and Pb(II)
with high sensitivity and specificity and wide linearity of 5−250
nM. The presence of thiol and amino functional groups can
form a strong complex with heavy metal ions. Bao et al.17

developed an SPCE modified layer by layer with the
nanocomposite of PANI doped with bismuth nanoparticles,
graphene oxide-multiwalled carbon nanotubes (MWCNTs),
and chitosan for the simultaneous detection of Hg(II) and
Cu(II) with an LOD of 0.1 and 0.03 ppb, respectively.
Currently, many studies have utilized APTES as a coupling

agent between the working electrode and nanoparticles for the
application of electrochemical sensors. However, most studies
utilized APTES-modified electrodes for biosensor applications
such as immunosensors,18 drug delivery,19 and biomolecule
monitoring.20,21 Kaur et al.22 have developed bimetallic Au-Pt
NPs modified APTES-fluorine tin oxide electrode for electro-
chemical vitamin D detection, whereas Zhou et al.21 reported
on gold nanoparticles (AuNPs)/electrochemically reduced
graphene oxide/APTES-ITO-modified electrode for electro-
chemical biomolecule monitoring. Most of the published
studies on AuNPs and APTES modification were employed for
electrochemical biosensor applications.23,24 There is limited
work utilizing APTES and AuNPs for electrode modification in
electrochemical heavy metal detection. APTES consists of an
amino group with free lone pair electrons on the nitrogen atom
to provide suitable sites for effective coupling with heavy metal
ions. Alruwais et al.25 reported on the modification of a glassy
carbon electrode (GCE) electrode with a PANI-graphene
oxide-APTES composite for Pb(II) detection; their electrode
exhibited a linearity of 0.01−0.4 μM and an LOD of 0.0053
μM for Pb(II) detection. Their team then reported26 on the

modification of GCE using PANI, MWCNT, and APTES for
Cd(II) detection. The modified electrode of PANI-MWCNT-
APTES/GCE showed linearity of detection and an LOD of
0.05−50 and 0.015 μM, respectively. Their studies reported on
single heavy metal detection. Recently, they reported on an
iron oxide nanoparticle-modified APTES-ITO electrode for the
simultaneous detection of Cd(II) and Pb(II)27 and bismuth
nanosheet-modified APTES-SPCE for Pb(II) detection with
excellent electrochemical performance.28

Inspired by the excellent properties of APTES, in this work,
AuNPs assembled with varying concentration percentages on
the chemically functionalized APTES-ITO electrode for the
simultaneous detection of Cd(II), Pb(II), and Cu(II) were
studied. Previously, AuNP-modified electrodes were reported
in the simultaneous detection of Cd(II), Pb(II), Hg(II), and
Cu(II).29−31 AuNPs are of interest due to their excellent
conductivity, high electrochemical surface area, and catalytic
properties, which can enhance electron transfer on the working
electrode. Currently, there is lack of published studies that
compare the effect of the APTES concentration percentage on
the assembly process of AuNPs for the simultaneous detection
of heavy metal ions.
The APTES concentration percentage may affect the

attachment of organosilane with ITO and the amount of
AuNPs assembled and bonded with the −NH2 functional
group of APTES that influence the ability of the modified
electrode to deposit the heavy metal ions. In this work, the
wettability was measured through water contact angle
measurements, AuNP coverage was observed via scanning
electron microscopy (SEM), and electrochemical performance
was analyzed using cyclic voltammetry (CV) and square wave
anodic stripping voltammetry (SWASV) analyses. Under the
optimized APTES concentration percentage, the modified
electrodes’ electrochemical performances in terms of linearity,
LOD, interference, reproducibility, and real sample analysis
were studied in detail for the simultaneous detection of Cd(II),
Pb(II), and Cu(II) ions.

2. MATERIALS
All chemicals and reagent used in this work were of analytical
grade and used without further purification. Gold(III) chloride
trihydrate (HAuCl4·3H2O, ≥99.9%), sodium azide (NaN3,
99.5%), APTES (99%), potassium ferricyanide (Fe(CN)6,
99%), Pb(II) standard solution, Cd(II) standard solution,
Cu(II) standard solution, hydrogen peroxide (H2O2, 30 wt %),
and sodium acetate buffer solution (HAc-NaAc, pH 5.2) were
obtained from Sigma Aldrich. Trisodium citrate dehydrate
(Na3C6H5O7·2H2O), hydroxylamine hydrochloride (NH2OH·
HCl, 99%), ammonia solution (NH3, 25%), 2-propanol,
ethanol, and potassium chloride (KCl, 99%) were purchased
from Merck.
2.1. Apparatus. AuNPs were characterized using Zetasizer

(Model ZEN3600, Malvern Instruments, Nano series), X-ray
diffraction (XRD; Model D8Advance BRUKER AXS GMBH)
with a Cu-Kα radiation source), contact angle goniometer
(KSV CAM 101), field-emission scanning electron microscopy
(FESEM) with energy dispersive microscopy (Model SUPRA
35VP), and transmission electron spectroscopy (TEM; Model
Philips CM12, Version 3.2). Electrochemical measurements
were performed using a portable Bipotentiostat/Galvanostat
mSTAT 400 (DropSens, Asturias, Spain).
2.2. Synthesis of AuNPs Using the Seeded Growth

Method. AuNPs were synthesized using the seeded growth
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method as described in our previous work.32 This method
involves two stages, which are Au seed nucleation and the
growth of Au seed. In brief, the Au seed was prepared by
heating HAuCl4·3H2O (0.01% w/v) in 125 mL of deionized
water to boiling under stirring at 350 rpm. About 2.5 mL of
Na3C6H5O7·2H2O (1% w/v) was added as the reducing agent.
At this stage, the color of solution changed from light yellow to
faint blue. The solution was kept boiling for 10 min, and the
color of solution changed from grayish blue to dark red,
indicating the formation of AuNPs. The AuNP seed solution
was cooled to room temperature.
The Au seeds were grown to 40 nm of AuNPs. About 16 mL

of Au seed solution was diluted in 50 mL of deionized water
under stirring at 330 rpm at room temperature. Subsequently,
4 mL of NH2OH·HCl (0.7% w/v) was added into the Au seed
solution. Finally, 2 mL of HAuCl4·3H2O (1% w/v) was
dropwise added into the solution and continuously stirred for 5
min. The AuNPs were collected, and 0.02% w/v of sodium
azide (NaN3) was added. The as-synthesized AuNPs were
characterized by XRD to determine the crystallinity and phase.
The hydrodynamic size of colloidal AuNPs was analyzed using
a Zetasizer, and the particle size was observed by TEM and
measured using ImageJ software.
2.3. Self-Assembly of AuNPs on the APTES-Function-

alized ITO Electrode. The ITO electrode was cut using a
glass cutter and washed with NH4OH:H2O2:H2O at a ratio of
1:4:20 for 20 min at 60 °C to prepare a hydroxylated active
ITO surface. APTES was used as a linker between ITO
electrodes and AuNPs. APTES was used to modify the ITO
electrodes by surface functionalization for the self-assembly of
AuNPs on the surface via the soaking method. APTES was
dissolved in absolute ethanol with varying concentrations: 0.5,
0.75, 1, and 2 wt %. The ITO electrodes were immersed in the
prepared APTES for 2 h. Subsequently, the ITO electrodes
were rinsed thoroughly with ethanol and placed in an oven for
30 min at 100 °C to remove moisture and allow condensation
of the silanol (Si−OH) group of APTES with the hydroxyl
(−OH) group present on the ITO electrode surface. The
APTES-ITO electrode was immersed in AuNPs for 2 h. The
AuNP/APTES-ITO-modified electrode was rinsed with
distilled water to remove the unbound AuNPs and dried at
room temperature. The AuNP/APTES-ITO-modified elec-
trode was characterized by SEM to observe the morphology.
Water contact angle measurements were conducted to
determine the wettability of the modified electrodes.
2.5. Electrochemical Analysis of Modified Electrodes.

CV analysis was conducted to study the electrochemical
performance of the modified electrode. CV analysis was
performed in 5.0 × 10−3 mol/L potassium ferrocyanide,
(Fe(CN)6)−3/−4 containing 0.1 mol/L KCl solution with the
scanning range of −0.5 to 0.7 V and scan rate of 50 mV/s.
SWASV analysis for simultaneous heavy metal ion detection
was conducted in 0.2 M acetate buffer solution. The pH (4.0,
4.5, 5.0, and 5.5), deposition potential (−0.9, −1.0, −1.1, and
−1.2 V), and deposition time (120, 180, 240, 300, and 360 s)
were varied. SWASV analysis with optimum conditions was
conducted with the amplitude of 0.05 V, frequency of 25 Hz,
step potential of 0.002 V, and potential scan rage of −1.0 to 0.3
V to evaluate the linearity, LOD, interference, and real sample
analysis of the AuNP/APTES-ITO-modified electrodes in the
simultaneous detection of Cd(II), Pb(II), and Cu(II).

3. RESULTS AND DISCUSSION
3.1. Characterization of as-Synthesized AuNPs. Figure

1 shows the XRD pattern of the as-synthesized colloidal

AuNPs. The as-synthesized colloidal AuNPs were drop casted
on a glass slide for XRD analysis. As observed in Figure 1, five
diffraction peaks were obtained at (111), (200), (220), and
(311) planes, which corresponded to peak positions of 38°,
44°, 65°, and 78°, respectively. The peaks matched with Au
with the FCC crystal structure (PDF 98-005-0876). Addition-
ally, NaCl peaks were observed at the (111), (200), (220), and
(222) planes with 27°, 31°, and 36°, respectively, which
matched with the NaCl pattern of PDF 98-011-6227. The
presence of NaCl was observed due to trisodium citrate and
gold chloride(III) utilized during the synthesis process.
TEM analysis was conducted to observe the morphology

and particle size of the as-synthesized colloidal AuNPs. Figure
2a shows the spherical shape of AuNPs observed from the
TEM images. The particle size of AuNPs was analyzed using
ImageJ software for 100 particles (Figure 2b), and the results
showed that the particle size distribution was in the range of
38−42 nm with mode diameter of 40 nm, which indicated a
narrow particle size distribution of the as-synthesized AuNPs.
Furthermore, the hydrodynamic particle size measured by
dynamic light scattering and polydispersity index of the as-
synthesized colloidal AuNPs was quantified using the
Zetasizer. The average particle size distribution of AuNPs
was 45.55 nm, which was close to the 40 nm particle size
measured by TEM analysis. The PDI value of AuNPs was
0.112, which indicated that the AuNP particle size distribution
was moderately dispersed in the colloidal suspension.33

3.2. Characterization of the Modified Electrodes. The
effects of the APTES concentration percentages of 0.5, 0.75,
1.0, and 2.0 wt % on the functionalized ITO electrodes
followed by soaking in AuNP solution for 2 h were compared
to obtain the optimum concentration percentage of APTES
that produced excellent electrochemical performance in heavy
metal detection. Water contact angle analysis was performed in
this study to analyze the wetting behavior of the modified ITO
electrodes. Figures 3 and S1 show the value and cross-sectional
image of water contact angles for all modified electrodes. The
contact angle value for the unclean bare ITO electrode was

Figure 1. XRD pattern of the as-synthesized colloidal AuNPs.
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90.48°, which indicated hydrophobic properties. After ITO
surface treatment with NH4OH and H2O2, the contact angle of
bare ITO decreased to 56.25°, which was hydrophilic. The
hydrophilic properties were obtained due to the formation of
the hydroxyl (−OH) functional group on the surface of the
ITO electrode after cleaning. The hydrolyzed surface of the
electrode was prepared for further functionalization with
APTES.
The mechanism of the APTES-functionalized ITO electrode

is shown in Figure 4. APTES consists of three hydrolyzable
alkoxy (−O−CH2−CH3) groups of alkoxysilanes and amine
(−NH2) groups at its terminal. During the silanization process,
alkoxy hydrolyzed and produced the silanol (Si−O−H) group.
The silanol group of APTES subsequently condensed with the
hydrolyzed surface of the ITO electrode. Condensation caused
the adhesion of APTES on the ITO electrode with the siloxane
bond and exposed the −NH2 groups for further binding with
AuNPs. Increasing the APTES concentration percentage

Figure 2. (a) TEM image of the as-synthesized AuNPs and (b) particle size distribution of AuNPs.

Figure 3. Water contact angles with varying concentration
percentages of APTES for the APTES-ITO and AuNP/APTES-ITO
electrodes.

Figure 4. Schematic of silanization of APTES on the ITO electrode, and AuNPs assembled on the APTES-ITO electrode. Inset figure shows the
mechanism of simultaneous heavy metal detection of Cd(II), Pb(II), and Cu(II) by the AuNP/APTES-ITO-modified electrode.
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increased the presence of alkoxysilanes and amine functional
group on the surface of the ITO electrode.
As shown in Figure 3, the contact angles of 73.22°, 81.08°,

83.32°, and 88.54° were obtained for 0.5, 0.75, 1.0, and 2.0 wt
% APTES-functionalized ITO electrodes, respectively. The
contact angle of the APTES-functionalized electrode was
higher and more hydrophobic than that of the clean bare ITO
electrode. This result proved the silanization of APTES
molecules on the ITO electrode. Increasing the APTES
concentration percentage increased the contact angle value of
the APTES-modified electrodes, which indicated low wett-
ability. This occurred due to the increase in silanization of
APTES on the ITO electrode. With increasing APTES
concentration percentage, the condensation of the alkoxy
group was expedited, which caused incomplete hydrolysis of
silane molecules.34

Figure 3 shows that the water contact angles of AuNPs
assembled on APTES-ITO with varying APTES concen-
trations were 30.25°, 28.77°, 25.86°, and 37.47° for 0.5, 0.75,
1.0, and 2.0 wt % APTES concentration, respectively. The
water contact angle of the AuNP/APTES-ITO-modified
electrode decreased and became more hydrophilic after
AuNPs assembled on the APTES-ITO electrode. When
immersing the functionalized APTES-ITO in the colloidal
AuNP solution, protonation occurred and caused the highly
polymerized and unbounded −NH2 group to form NH3+.
Subsequently, the negatively charged colloidal AuNPs due to
citrate (−COO−) stabilization assembled on NH3+ of the
APTES-ITO electrode via electrostatic interaction. The
assembly of AuNPs on the APTES-ITO-modified electrode
decreased the contact angle of the AuNP/APTES-ITO-
modified electrode. The contact angle decreased as the
percentages of −COOH and −NH2 functional groups
increased.34 However, at 2% of APTES concentration, the
water contact angle increased due to the aggregation of
AuNPs. At a high APTES concentration percentage, silane
polymerized in a random oriented manner which caused
aggregation and inhomogeneity of AuNPs assembled on the
2% APTES/ITO-modified electrode. The aggregation reduced
the AuNP surface area with negative charge of citrate
(−COO−) exposed on the modified electrode.
The distribution of AuNPs on APTES-ITO with varying

concentration percentages of APTES was observed by FESEM.
As shown in Figure 5, the number of AuNPs assembled on
APTES-ITO increased with increasing concentration percent-
age of APTES. Only a low amount of AuNPs assembled on the
0.5% APTES-ITO-modified electrode (Figure 5a). At a low
APTES concentration percentage, a longer time was required
for the silanization of APTES onto the ITO electrode. Indeed,
the silanol group was polymerized in the solvent before
reacting with the −OH group on the ITO electrode. Thus, a
small amount of −NH2 functional group was present on the
0.5% APTES-ITO-modified electrode for AuNP assembly.
Figure 5b shows that more AuNPs assembled on 0.75 wt %
APTES-ITO. By increasing the APTES concentration
percentage, the silanization interaction was faster than silane
polymerization in the solvent, producing a uniform silanization
surface. As for 1% APTES-ITO, agglomeration of AuNPs was
noted in relation to AuNP assembly (Figure 5c). In the 2%
APTES-ITO-modified electrode, aggregation and densely
packed assembly of AuNPs on the APTES-ITO electrode
were observed (Figure 5d). This phenomenon occurred when
the APTES concentration percentage was high, and the silanol

group diffused and reacted with the −OH group but had
inadequate time for silane alignment. As a result, silane
polymerized in a random oriented manner, which caused the
aggregation of AuNPs.
3.3. Electrochemical Characterization of Modified

Electrodes. The electrochemical properties of the modified
electrodes with varying APTES concentration percentages
were studied by CV analysis. Figure 6 and Table 1 show the

CV curves and summary of the electrochemical performance of
bare ITO and AuNP/0.5% APTES-ITO-, AuNP/0.75%
APTES-ITO-, AuNP/1.0% APTES-ITO-, and AuNP/2.0%
APTES-ITO-modified electrodes examined in 5.0 × 10−3 mol/
L (Fe(CN)6)−3/−4 containing 0.1 mol/L KCl solution. Figure 6
shows that the CV peak currents for all modified electrodes
increased in both anodic and cathodic peak currents compared
with that of the bare ITO electrode. Increase in peak currents
values indicates the electrochemical surface area of the
modified electrodes for the [Fe(CN)63−/4−] redox reaction
increased due to the assembly of AuNPs on the APTES-
functionalized ITO electrodes. The high conductivity and
excellent catalytic properties of AuNPs increase the electro-
chemical activity of the modified electrodes.

Figure 5. SEM images of AuNPs assembled on (a) 0.5% APTES-
ITO-, (b) 0.75% APTES-ITO-, (c) 1.0% APTES-ITO-, and (d) 2%
APTES-ITO-modified electrode.

Figure 6. CV analyses of the bare ITO electrode and AuNPs modified
with varying APTES concentration percentages on the functionalized
ITO electrode in 5.0 × 10−3 mol/L (Fe(CN)6)−3/−4 containing 0.1
mol/L KCl solution with a scan rate of 50 mV/s.
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The bare ITO electrode showed a large peak-to-peak
potential difference (ΔEp) of 0.18 V, whereas ΔEp for the
AuNP/0.5% APTES-ITO- and AuNP/0.75% APTES-ITO-
modified electrodes decreased to 0.156 and 0.159 V,
respectively. The high conductivity of AuNPs assembled on
the APTES-functionalized ITO electrode could enhance the
electron transfer rate of redox Fe(CN)63−/4− from electrolyte
to the working electrode. However, ΔEp for the AuNP/1.0%
APTES-ITO- and AuNP/2.0% APTES-ITO-modified electro-
des showed a larger difference (0.200 V) compared with bare
ITO. This result was affected by the agglomeration of AuNPs
assembled on the 1.0% APTES-ITO electrode and the
aggregation of AuNPs assembled on 2.0% APTES-ITO with
a densely packed structure as observed in SEM (Figure 5c,d).
The aggregation and agglomeration of AuNPs formed a thick
film, which reduced the electron transfer rate of redox
Fe(CN)63−/4− from the electrolyte to the working electrode.
The variation in the APTES concentration percentage

influenced the distribution and amount of AuNPs assembled
on the APTES-ITO electrode, thereby altering the electro-

chemical performance of the modified electrode. As shown in
Figure 6, the trend of anodic and cathodic peak currents of
modified electrodes in descending order was as follows:
AuNP/0.75% APTES-ITO > AuNP/1.0% APTES/ITO >
AuNP/2.0% APTES/ITO > AuNP/0.5% APTES/ITO > bare
ITO. The AuNP/0.75% APTES-ITO electrode showed the
highest anodic and cathodic peak currents, which were due to
the uniform distribution of AuNPs (Figure 5b). The uniform
distribution of AuNPs not only offered the required
conduction channel but also functioned as a nanoscale
electrode with a larger surface area to encourage the flow of
electrons between the electrolyte and the working electrode.
By contrast, lower anodic and cathodic peak currents were
observed for AuNP/0.5% APTES/ITO due to lesser AuNPs
assembled on the APTES-ITO electrode. For the low APTES
concentration percentage-functionalized ITO electrode, few
−NH2 functional groups were available for AuNPs to assemble,
thereby reducing the electrochemical surface area for the
Fe(CN)63−/4− redox reaction. The AuNP/1.0% APTES/ITO-
and AuNP/2.0% APTES/ITO-modified electrodes showed

Table 1. Summary of the Electrochemical Performance of Bare ITO and Modified Electrodes

electrode Epa (V) Epc (V) ΔEp (V) Ipa (μA) Ipc (μA)
bare ITO 0.309 0.121 0.188 493.37 −491.29
AuNPs/0.5% APTES/ITO 0.296 0.140 0.156 641.83 −650.09
AuNPs/0.75% APTES/ITO 0.299 0.140 0.159 692.57 −724.11
AuNPs/1.0% APTES/ITO 0.315 0.115 0.200 660.11 −660.11
AuNPs/2.0% APTES/ITO 0.320 0.115 0.200 659.66 −659.66

Figure 7. SWASV analysis of (a) bare ITO with and without the presence of 100 ppb Cd(II), Pb(II), and Cu(II); (b) modified electrode for
simultaneous heavy metal detection of 100 ppb Cd(II), Pb(II), and Cu(II); (c) stripping peak current of the modified electrode for the
simultaneous heavy metal detection of 100 ppb Cd(II), Pb(II), and Cu(II) in 0.2 M acetate buffer solution (pH 4.5).
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lower peak current values compared with AuNP/0.75%
APTES/ITO. High APTES concentration percentages caused
the aggregation of AuNPs on the APTES-ITO electrode,
thereby decreasing the electrochemical surface area for the
Fe(CN)63−/4− redox reaction.
3.4. Electrochemical Properties of the Simultaneous

Detection of Cd(II), Pb(II), and Cu(II) on the Modified
Electrodes. The electrochemical properties of the bare ITO
electrode and modified electrodes for simultaneous heavy
metal detection were compared to find the optimum APTES
concentration percentage to functionalize ITO electrodes for
the assembly of AuNPs. Figure 7a shows the comparison of
SWASV analysis for the bare ITO electrode with and without
the presence of Cd(II), Pb(II), and Cu(II) ions in 0.2 M
acetate buffer solution (pH 4.5). SWASV analysis for the bare
ITO without the presence of heavy metal ions (blank solution)
showed the stripping peak at −0.58 V with 92.36 μA, which
belonged to In(III). A similar observation was reported by
other researchers.35−37 In(III) and Sn(IV) from the ITO
electrode were susceptible to oxidation when electrochemical
stripping analysis was scanned from more negative potential
performed in acidic electrolyte solution. Nonetheless, In(III)
was preferred to oxidize against Sn(IV) because of its low
oxidation state.35

The SWASV analysis of bare ITO in the presence of 100
ppb Cd(II), Pb(II), and Cu(II) ions showed the stripping peak
at −0.57 V with 173.44 μA, which belonged to In(III). The

current value of the stripping peak of In(III) increased because
the In(III) peak position overlapped with Pb(II). Additionally,
a shoulder peak coalesced with the In(III) peak at −0.72 V,
which may belong to Cd(II). To further confirm this finding,
the peak position at −0.57 and −0.58 V belonged to In(III).
ICP analysis of the acetate buffer solution containing 100 ppb
Cd(II), Pb(II), and Cu(II) ions before and after SWASV
analysis was conducted. As listed in Table S1, In(III) ions were
not present before SWASV analysis, but 500 ppb of In(III) was
detected after SWASV analysis, which revealed that In(III) was
etched and oxidized during anodic stripping analysis.
Figure 7b,c shows the SWASV curves and stripping peak

current of AuNP/APTES-ITO functionalized with varying
APTES concentration percentages for the simultaneous
detection of 100 ppb Cd(II), Pb(II), and Cu(II) ions.
Among all modified electrodes, AuNP/0.75% APTES-ITO
showed the highest anodic stripping peak current value for the
simultaneous detection of 100 ppb Cd(II), Pb(II), and Cu(II)
ions. This result was attributed to the high amount of AuNPs
assembled with uniform distribution on the 0.75%/APTES-
ITO-modified electrode. AuNP/0.5% APTES-ITO showed a
low stripping peak current due to the low number of AuNPs
assembled on the modified electrode. As for AuNP/1.0%
APTES-ITO and AuNP/2.0% APTES-ITO, the agglomeration
and aggregation of AuNPs reduced the electrochemical surface
area for the deposition of heavy metal ions.

Figure 8. Optimization of SWASV analysis in the simultaneous detection of 100 ppb Cd(II), Pb(II), and Cu(II) as a function of (a) pH, (b)
deposition potential, and (c) deposition time in 0.2 M acetate buffer solution.
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The stripping peak potentials for Cd(II) and Cu(II) ions at
−0.74 and −0.09 V were similar for the AuNP/0.5% APTES-
ITO-, AuNP/0.75% APTES-ITO-, and AuNP/1.0% APTES-
ITO-modified electrodes. The AuNP/2.0% APTES-ITO-
modified electrode’s Cd(II) peak shifted to a more positive
value at −0.72 V. The aggregation of AuNPs assembled on the
2.0% APTES-ITO-modified electrode reduced the electron
transfer kinetics. However, the Cu(II) peak for the AuNP/
2.0% APTES-ITO-modified electrode shifted to a more
negative value because the modified electrode was not able
to strip the Pb(II) ions. Instead, the stripping peak of
intermetallic Pb-Cu was observed at a more negative value.
The AuNP/0.5% APTES-ITO-modified electrode showed

the Pb(II) stripping peak at a more negative position of −0.47
V, which indicated rapid electron transfer. However, given that
only a low amount of AuNPs was assembled, the peak current
was lower compared with another modified electrode. As for
the Pb(II) stripping peak, the peak shifted to more positive
values of −0.40 and −0.35 V for the AuNP/0.75% APTES-
ITO- and AuNP/1.0% APTES-ITO-modified electrodes,
respectively. The electron transfer rate reduced due to the
agglomeration of AuNPs on the 1.0% APTES-ITO electrode.
As for the AuNP/2.0% APTES-ITO-modified electrode, the
Pb(II) peak was not observed due to In(III) and Pb(II) peak
coalescence. The aggregation of AuNPs with a dense structure
formed a barrier that reduced the electron transfer kinetics.
Therefore, the AuNP/0.75% APTES-ITO-modified electrode

was the optimum condition electrode for simultaneous heavy
metal detection.
3.5. Optimized Performance of Modified Electrodes.

The optimization of parameters including pH of acetate buffer
solution, deposition potential, and deposition time for SWASV
analysis in the simultaneous detection of Cd(II), Pb(II), and
Cu(II) was studied to develop the best electrochemical
performance for the AuNP/0.75% APTES-ITO-modified
electrode. In SWASV analysis, the pH of the electrolyte buffer
solution influences the hydrolysis of metal ions and
significantly affects the stripping peak current value in heavy
metal detection. In this work, 0.2 M acetate buffer solution
varied from pH 4 to pH 5.5 for the simultaneous detection of
100 ppb Cd(II), Pb(II), and Cu(II). As shown in Figure 8a,
the highest stripping peak current of Cd(II), Pb(II), and
Cu(II) was observed at pH 4.5. The H2 evolution reaction
occurred at pH lower than 4.5. This reaction prevented the
deposition of heavy metal ions on the modified electrode and
resulted in a low stripping peak current value. High pH forms a
metal hydroxide complex, which decreases the metal ion
concentration in the electrolyte solution. Thus, a low stripping
peak current was obtained. In this work, pH 4.5 was chosen as
the optimum condition for subsequent analysis.
The effect of deposition potential of −0.9 to −1.2 V on the

stripping peak current response for 100 ppb Cd(II), Pb(II),
and Cu(II) ions was evaluated. As shown in Figure 8b, the
stripping peak current for Cd(II), Pb(II), and Cu(II) increased
with increasing deposition potential from −0.9 to −1.0. At the

Figure 9. SWASV analysis of AuNP/0.75% APTES-ITO-modified electrodes of (a) Cd(II) ions (5, 10, 20, 40, 60, 80, and 100 ppb) in the presence
of 40 ppb Pb(II) and Cu(II) ions, (b) Pb(II) ions (5, 10, 20, 40, 60, 80, and 100 ppb) in the presence of 40 ppb Cd(II) and Cu(II) ions, and (c)
Cu(II) ions (5, 10, 20, 40, 60, 80, and 100 ppb) in the presence of 40 ppb Cd(II) and Pb(II) ions evaluated in 0.2 M acetate buffer solution with
optimum conditions. Insets are the calibration curves with varying concentration percentages of APTES.
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potential of −1.1 V, the stripping peak current started to
decrease. The H2 evolution reaction occurred at a high
negative potential, reducing the deposition of heavy metal ions
due to electrode fouling. Therefore, −1.0 V was selected as the
optimum deposition potential. As shown in Figure 8c, the
effect of deposition time from 120 to 360 s on the stripping
peak current response for 100 ppb Cd(II), Pb(II), and Cu(II)
ions was evaluated. The stripping peak currents for Cd(II),
Pb(II), and Cu(II) increased as the deposition time increased
from 120 to 240 s. Only a small increment of the stripping
peak’s current value was observed when the deposition time
further increased from 240 to 360 s. Therefore, the deposition
time of 240 s was chosen as the optimum condition for all
subsequent studies.
3.6. Analytical Performance of the Modified Electro-

des for Simultaneous Detection. The SWASV analysis of

the AuNP/0.75% APTES-ITO-modified electrode for the
simultaneous detection of Cd(II), Pb(II), and Cu(II) ions was
conducted under optimum conditions (pH 4.5, deposition
potential of −1.0 V, and deposition time of 240 s) in 0.2 M
acetate buffer solution. To observe the effect of mutual
interference among the three heavy metal ions (Cd(II), Pb(II),
and Cu(II)), SWASV analysis for the simultaneous detection
of Cd(II), Pb(II), and Cu(II) was carried out by changing the
concentration of one heavy metal ion from 5 ppb to 100 ppb,
while fixing the two other heavy metal ions at 40 ppb. Figure
9a−c shows that the stripping peak currents of Cd(II), Pb(II),
and Cu(II) increased linearly in the concentration range of 5−
100 ppb, with linear equation of Ip = 0.2862CCd (ppb) +
23.776, R2 = 0.9802; Ip = 0.4758CPb (ppb) + 1.9879, R2 =
0.996; and Ip = 0.6859CCu (ppb) + 0.4063, R2 = 0.993,
respectively. A high correlation coefficient (R2) indicated the

Figure 10. (a) SWASV analysis of the AuNP/0.75% APTES-ITO-modified electrode and (b) calibration curve with varying concentrations of
Cd(II), Pb(II), and Cu(II) ions (5, 10, 20, 40, 60, 80, 100, and 120 ppb) evaluated in 0.2 M acetate buffer solution with optimum conditions.

Table 2. Comparison of the Analytical Performance of Various Reported Modified Electrodes with the AuNP/0.75% APTES-
ITO-Modified Electrode for the Simultaneous Detection of Heavy Metal Ions

modified electrode technique/stripping potential linearity (ppb) LOD (ppb) ref

Au nanostar electrodes Pb(II) 62.3−215.6 20.55 39
As(III) 10.8−419.4 3.57
Hg(II) 33.6−361.5 11.08

PANI-GO-APTES Pb(II) 2.0−80.0 1.10 25
IONPs-APTES/ITO Cd(II) 10.0−100.0 0.90 27

Pb(II) 10.0−100.0 0.60
PANI-MWCNT-APTES Cd(II) 5−5000 1.69 26
AuPtNP/ITO Hg(II) 0.02−100 0.80 40
Au/PANI/GCE Pb(II) 4.14−149.18 0.62 31

Cu(II) 5.00−152.00 0.51
MPTMS-APTES/Si nanowire/Si Cd(II) 0.1−28 16

Pb(II) 1−51
Au-SPGE Pb(II) 5−300 2.2 41

Cu(II) 5−300 1.5
Hg(II) 5−300 1.3

PPy/aminobenzenediazonium-ITO electrode Cd(II) 11.3−100 1.0 15
Pb(II) 20.7−51.8 0.2
Cu(II) 13.4−100 0.7

AuNPs/0.75% APTES/ITO Cd(II) 5−120 1.73 this work
Pb(II) 5−120 0.90
Cu(II) 5−120 0.49
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good fitted linear detection of Cd(II), Pb(II), and Cu(II) ions
simultaneously in the range of 5−100 ppb. The LODs toward
Cd(II), Pb(II), and Cu(II) were 0.65, 0.39, and 0.40 ppb,
respectively. The two other fixed concentrations of heavy metal
ions showed constant or small changes on the stripping peak
current. Thus, the presence of Cd(II), Pb(II), and Cu(II)
simultaneously did not interfere with the analytical response of
the modified electrodes.
Figure 10 shows the SWASV response of the AuNP/0.75%

APTES-ITO-modified electrode in the simultaneous detection
of Cd(II), Pb(II), and Cu(II) by increasing the concentration
of all three heavy metal ions in the range of 5−120 ppb. The
stripping peak currents for Cd(II), Pb(II), and Cu(II) were
observed at −0.74, −0.40, and 0.01 V, respectively. Addition-
ally, the stripping peak current of the In(III) and Pb(II) peaks
overlapping at −0.55 V was observed. The stripping peak
current increased linearly with increasing concentration of
Cd(II), Pb(II), and Cu(II). The linear equations of Ip =
0.1700CCd (ppb) + 39.588, R2 = 0.9949, and Ip = 0.1725CPb
(ppb) + 7.575, R2 = 0.9977 Ip = 0.3486CCu (ppb) + 15.326, R2
= 0.9765, with an LOD of 1.73, 0.90, and 0.492 ppb were
obtained for Cd(II), Pb(II), and Cu(II), respectively. The peak
positions, slopes, and calibration curves between individual and
simultaneous detection of Cd(II), Pb(II), and Cu(II) did not
show large variance. A comparison of the performance of the
AuNP/0.75% APTES-ITO-modified electrode in the simulta-
neous detection of Cd(II), Pb(II), and Cu(II) with other
reported studies is listed in Table 2. The LOD of the AuNP/
0.75% APTES-ITO-modified electrode in the simultaneous
detection of Cd(II), Pb(II), and Cu(II) was comparable with
the electrochemical performance reported in previous studies
on chemically functionalized electrodes and Au nanomaterial-
modified electrodes15,25,31 but lower than the limit of the
World Health Organization for drinking water. The stripping
peak potentials for Cd(II), Pb(II), and Cu(II) were
distinguished and separated from one another. Thus, this
result suggested that the AuNP/0.75% APTES-ITO-modified
electrode could simultaneously detect the Cd(II), Pb(II), and
Cu(II) ions.
The sensing mechanism of the AuNP/0.75% APTES-ITO-

modified electrode in the simultaneous detection of Cd(II),
Pb(II), and Cu(II) is illustrated in the inset of Figure 4. The
Cd(II), Pb(II) , and Cu(II) ions are adsorbed on the surface of

the AuNP/0.75% APTES-ITO-modified electrode via electro-
static interaction of negatively charged AuNPs due to citrate
(−COO−) stabilization and via complexation with the −NH2
group of APTES. Then, the heavy metal ions were deposited
on zero-valent metals under the potential of −1.0 V for 240 s.
During anodic stripping, the zero-valent metals were oxidized
and released from the surface of the AuNP/0.75% APTES-
ITO-modified electrode. The reaction generates a stripping
peak current, which is proportional to the concentration of the
heavy metal ions.
The high sensitivity and selectivity of the AuNP/0.75%

APTES-ITO-modified electrode toward the simultaneous
detection of Cd(II), Pb(II), and Cu(II) is attributed to the
high surface area provided by AuNPs for the deposition of
heavy metal ions and the high affinity of the −NH2 groups of
APTES to form complexation with heavy metal ions. The
complexation occurred due to APTES consisting of an amino
group with free lone pair electrons on the nitrogen atom that
provide suitable sites for effective coupling with heavy metal
ions. Moreover, the high electrical conductivity and excellent
catalytic properties of AuNPs have facilitated the rapid electron
transfer toward oxidation of heavy metals and promoted
electrochemical determination, as reported by other reser-
achers.38

3.7. Interference and Reproducibility Studies. To
evaluate the selectivity and anti-interference ability of the
AuNP/0.75% APTES/ITO-modified electrode, the heavy
metal ions of As(III), Zn(II), Fe(III), Cr(III), and Mg(II)
were added 10 times the concentration of Cd(II), Pb(II), and
Cu(II) ions. Figures S2 and 11a show the SWASV peak
response, and the ratio of the stripping peak current in the
presence of interference ion (II) over the stripping peak
current without the presence of interference ions (Io) showed a
value close to 1 for all the interference ions, respectively. Thus,
the AuNP/0.75% APTES/ITO-modified electrode demon-
strated high selectivity for the simultaneous detection of
Cd(II), Pb(II), and Cu(II) ions.
The reproducibility of the AuNP/0.75% APTES/ITO-

modified electrode was observed by evaluating five different
modified electrodes in 0.2 M acetate buffer in the presence of
100 ppb Cd(II), Pb(II), and Cu(II) ions. Figure 11b shows the
relative standard deviation of 4.43, 2.16, and 2.86% for Cd(II),

Figure 11. AuNP/0.75% APTES/ITO-modified electrode. (a) Interference stripping peak current ratio (II/IO) in the presence of 40 ppb Cd(II),
Pb(II), and Cu(II) ions and 10 times concentration of interference ions of Fe(II), Zn(II), Cr(III), As(III), and Hg(II). (b) Reproducibility for the
simultaneous detection of 100 ppb Cd(II) and Pb(II) ions in 0.2 M acetate buffer solution (pH 4.5).
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Pb(II), and Cu(II), respectively, indicating the high reprodu-
cibility of the AuNP/0.75% APTES/ITO-modified electrode.
3.8. Application in Seawater Sample. The applicability

of the AuNP/0.75% APTES/ITO-modified electrode for the
simultaneous detection of Cd(II), Pb(II), and Cu(II) ions was
assessed in seawater samples under the optimum SWASV
condition. The seawater samples from Teluk Bahang were
filtered and added with 0.2 M acetate buffer to achieve pH 4.5
prior to SWASV analysis. The SWASV analysis of the seawater
samples using the AuNP/0.75% APTES/ITO-modified elec-
trode showed 1.3 ppb Pb(II) ions, whereas Cd(II) and Cu(II)
ions were not detected (Table 3). The seawater samples
without the addition of heavy metal ions and with the addition
of 10, 30, and 50 ppb Cd(II), Pb(II), and Cu(II) heavy metal
ions were analyzed by ICP-OES as a comparison. As a result of
the detection limit of ICP-OES, the seawater sample without
the addition of heavy metal ions was not detected. However,
good recoveries were obtained as listed in Table 3 for the
seawater sample with the addition of heavy metal ions. This
result indicated that the AuNP/0.75% APTES/ITO-modified
electrode presented good feasibility for the simultaneous
detection of Cd(II), Pb(II), and Cu(II) ions.

4. CONCLUSIONS
In this work, the effect of APTES (0.5, 0.75, 1.0, and 2.0 wt
%)-functionalized ITO for the assembly of the as-synthesized
AuNPs was evaluated to obtain a high electrochemical
performance-modified electrode for the simultaneous detection
of Cd(II), Pb(II), and Cu(II) ions. Increasing the APTES
concentration percentage increased the assembly of AuNPs
because more −NH2 functional groups were available.
However, agglomeration and aggregation of AuNPs led to a
densely packed structure at high APTES concentrations. The
dense distribution of AuNPs reduced the electrochemical
performance of the modified electrodes. The AuNP/0.75%
APTES-ITO-modified electrode showed the highest electro-
chemical performance in the simultaneous detection of Cd(II),
Pb(II), and Cu(II) ions with an LOD of 1.73, 0.90, and 0.49
ppb, respectively. The modified electrode also showed high
anti-interference and feasibility in seawater sample analysis
with recovery in the range of 98−115%.
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