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Abstract

This study reports the development of an electrochemical heavy metal sensor based on
nanoporous carbon electrodes (NPCEs) coated with Bi nanodendrites (BiNDs) for simultaneous heavy
metal ion sensing. This sensor provides high sensitivity (3.151 for Cd(II) and 2.380 mA-L/pg-cm? for
Pb(Il) ions) along the linear range from 2 to 200ug/L of concentration for both ions and low limit of
detection (0.827 and 1.121ug/L for Cd(Il) and Pb(II) ions respectively). Such performance was
achieved using BIND/NPCE structure, which offers enhanced electrochemical reaction and high surface
area to volume ratio. This novel electrochemical heavy metal sensor was fabricated via simple batch
processes based on carbon-MEMS, O, plasma etching and electroplating techniques. Original forms of
the polymer precursors of NPCEs were fabricated by conventional UV lithography. After O, plasma
etching process, then hierarchical porous structures were composed on the surface of the prepared
polymer patterns. After pyrolysis, carbonization process of the polymer precursors under high

temperature in vacuum, sponge-like NPCEs were build up. Insulation was also conducted via batch

processes using UV lithography to expose the only sensor area (400um-@) for quantitative

measurement of heavy metal ions and wet etching method with buffered oxide etchant (BOE) with time
controllability of etching rate for SiO» insulation layer. And simple electroplating was applied on the
NPCEs in the solution containing bismuth ions. Bismuth is a promising functional material for
electrochemical heavy metal sensors because of nontoxic material properties and comparable heavy
metal sensing performance to mercury-based sensors which was developed and studied in the past. As
for the measurement technique, square wave anodic stripping voltammetry (SWASV) method was

utilized. In this method, Cd(II) and Pb(Il) ions are reduced on the surface of BIND/NPCE and then
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oxidized to generate peak currents at each redox potential. The complicated structure and material

properties of BiNDs satisfied two main important factors of SWASV. Large surface area was composed

in the shape of nanodendrites using Bi electroplating on the sponge-like surface of NPCEs. And material

properties of bismuth accomplished high performance of SWASV without generating toxic wastes

unlike Hg-based electrochemical heavy metal sensors. Thus, BIND/NPCE-based heavy metal sensor

suggests a novel, simple, cost-effective and environment-friendly approach to the area of environmental

monitoring technology.
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I. Introduction
1.1. Importance of heavy metal sensors

Heavy metals are the metal elements which has relatively higher atomic weight and specific
gravity values than other metal elements with the general criteria of 63.5 and 5g/cm’ for each. Small
quantities of heavy metals are important for human health, since they are usually utilized to function as
co-factors and prosthetic groups of many enzymes to maintain biochemical balance in human body [1].
However, excessive quantity of heavy metals resulting from unexpected continuous intake can be a
great threat to human beings as well as environment [2]. Heavy metals are the most serious
micropollutants and water pollutants that can cause serious environmental problems and severe organ
damage because of their strong toxicity [3]. Among several kinds of heavy metal elements, cadmium
(Cd) and lead (Pb) require special caution because they are easily exposed to environment in the form
of industrial water wastes and air exhaust with highly toxic properties. The toxicity of Cd(II) and Pb(II)
ions cause severe health problems such as human carcinogenesis, immune decline, gene mutation,
genital disease and impaired neurobehavior, and they can be easily absorbed and accumulated in human
bodies through various ways of environmental circulation such as air pollution, drinking water, soil,
food, and use of industrial products [4, 5, 7 - 10]. In this reason, one of the representative international
organizations, World Health Organization (WHO) has strongly suggested the data with the concrete
guideline values of limiting concentration level in drinking water, as the only concentration level less
than 3 pg/L for Cd(II) and 10 pug/L for Pb(Il) ions should be included in drinking water to prevent their

intrinsic danger resulting from toxicity [6].
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Limitin Limit in
drinking human
Metal water blood Common sources Side effects Reference
(Mg’L)  (ng/L)
Batteries, pigments, Anaemia, hypertension,
paints, plastics, osteoporosis, lung
cda 3 5 synthetic rubber, cancer, osteomalacia, Il
engraving and lymphocytosis, weight
photographic process loss, kidney toxicity
and pulmonary fibrosis
Lead batteries, Kidney damage, Bone
solders, agriculture, growth stagnation,
jewellery, PVC pipes  rapid progress in
Pb(II) 10 50 and PVC lead paints Alzheimer’s disease [8, 9, 10]
and senile dementia,
IQ decline, ataxia and
stupor

Table 1. Limits, common sources and side effects of Cd(II) and Pb(I) ion concentration levels in drinking water and human

blood.

In consideration of the severity of heavy metal pollution and its possible harms to humankind
everywhere, therefore, active research and development of highly sensitive and accurate detection
methods for Cd(II) and Pb(Il) ions have been required for the environmental and food analysis. And

there have been studied and invented a great many approaches to measure and analyze the heavy metal

ions in the concentration level of pg/L and ng/L scale.

1.2. Conventional heavy metal detection methods

To analyze heavy metals in precision, a variety of scientific approaches had been developed
and widely utilized. Methods for detection of heavy metals were continuously investigated through a

lot of analytical technologies and instruments such as inductively coupled plasma-mass spectrometry
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(ICP-MS) [11], inductively coupled plasma-atomic emission spectrometry (ICP-AES) [12], inductively

coupled plasma-optical emission spectrometry (ICP-OES) [13], cold vapor atomic fluorescence

spectrometry (CV-AFS) [14], atomic absorption spectrometry (AAS), atomic emission spectrometry

(AES) [15], flameless atomic spectrometry (FAAS) [16], atomic fluorescence spectrometry (AFS) [17],

and X-ray fluorescence (XRF) [18]. These techniques have shown highly sensitive performance and

great selectivity for heavy metal detection so far. However, most of these methods require the expensive,

bulky and complex machines and wide spaces enough to set them up. In addition, to run a set of analysis

for heavy metal sensing, there should be a well-trained analyst for complicated operational procedures

[19]. Moreover, it takes long time to implement the pretreatment process of heavy metal contained

samples for measurement as well as detection step itself. Because of these inconvenience in time, space

and money, on-site detection of heavy metals in environmental sample such as ground water cannot

help being limited by, so to speak, the conventional heavy metal detection techniques introduced so far.

To efficiently prevent the harms from heavy metal pollution and analyze the heavy metal contaminants

in the way of on-site detection, there needs to be some essential characteristics such as portable set up

of instrumentation, simple pretreatment of heavy metal pollutant samples, short time measurement and

direct monitoring. To realize and satisfy these conditions, there needed to be invented a new way of

approach to measure heavy metal elements with comparably highly sensitive detection performance

and excellent selectivity. Therefore, a novel and simple heavy metal sensing technology was invented

and it is called electrochemical heavy metal detection, which operates based on potentiometric input

and corresponding current signals resulting from electrochemical reaction between a sensor and heavy

metal ions. Since electrochemical heavy metal detection overcame the limits of conventional

technologies, it has been established as a powerful alternative method.
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1.3. Electrochemical heavy metal sensors

For the cost-effective and simple detection of heavy metals, electrochemical sensors have
been actively studied with high sensitivity, selectivity, and simple configuration. Among various
electrochemical detection methods, square wave anodic stripping voltammetry (SWASV) allows high
sensitivity by accumulating target metal ions on the working electrodes in the preconcentration steps
[20]. In addition, quantitative multi-target detection is conducted by measuring anodic currents during
scanning stripping voltage, as shown in Figure 1. SWASYV facilitates good detection limits because of
efficient discrimination of signals between the charge and the faradaic current with shorter

preconcentration times [21].

(a) Forward sample point

Record = Record(E, Ai)

Amplitude i=i i
P Where, Ai = igoyarg - ireverse
y and E = (Eirowars *Eireverse) 2
| £
potential = j Reverse sample point
1/Frequency

(b)

Working
electrode

electrode

Reduction to
metal

Oxidation
to metal ion

Redox potential _ |
of target metal

t(s)

Stripping Redox potential of target metal

E (V)

Preconcentration

Figure 1. (a) Square wave parameters, (b) potential application and (c) resulting current in square wave anodic stripping

voltammetry.

As the heavy metal sensor electrode material in stripping voltammetry, mercury has been
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primarily utilized because of its good negative potential range for the reduction of various heavy metal
ions, which prevents solvent electrolysis [22]. However, the toxicity of mercury requires special caution
and limits its applications to reusable sensors and continuous monitoring of food and water [23].
Regarding these concerns, other alternative materials such as gold, silver or iridium has been utilized
[24 - 26]. Even if these substitutionary electrodes don’t cause toxic wastes, overall performance has not
reached that of Hg electrodes with distorted stripping peak and large background current. Instead,
bismuth turned out to be a proper alternative electrode material for mercury, since it has comparable
stripping performances for heavy metal detection and exhibits low toxicity [27, 28]. Bismuth also
exhibits advantages such as high sensitivity, great resolution of neighboring peaks, well-defined peaks,
broad cathodic potential range, reproducible stripping performance, insensitivity to dissolved oxygen
and wide linear range. [29 - 35]. This phenomenon comes from the preconcenting step on Bi electrodes
[36]. Like as amalgam formation of Hg electrodes, there occurs the formation of multi-component alloy
with low melting temperature between bismuth and various heavy metals such as gallium, thallium,
antimony, indium as well as cadmium or lead. Therefore, methods to compose bismuth on the substrate
had to be taken into designing of Bi-based electrodes [37, 38]. To fabricate Bi-based electrodes, there
are three general methods including Ex situ electroplating, in situ electroplating and bulk method. Ex
situ and in situ electroplating methods both Bi electroplating techniques, but required steps and solution
conditions are different as shown in Figure 2. Ex situ electroplating technique is pre-plating method
before sensing experiment. The electrode to decorate is immersed into Bi(III) solution for application
of the potential enough low to reduce Bi(Ill) onto the working electrode surface [39 - 42]. Ex situ
electroplating method has advantages that Bi(IlI) mixing and controlling processes are not required for

preconcentration step during sensing test. But there should be additional process of Bi electroplating in
16



fabrication. For in situ electroplating method, the solution utilized in sensing contains not only heavy
metal ions but also Bi(Ill) ions in supporting electrolyte [43 - 45]. In situ electroplating method does
not need the separate Bi electroplating process other than ex situ electroplating process. However there
needs to be optimization for controlling the concentration of Bi(Ill) ion in presence with heavy metal
ions, as well as additional mixing step of target solution of heavy metal ions.

I
< . =

< |n situ ASV >
Electrolyte + Target metal ions + Bi(lll)

< EX situ ASV > |

Electrolyte
+ Target metal ions
|

Electrolyte

[
|
[
|
+ Bi(lll) |
|
|
[
|

E (V)

B In situ Bi plating

EXx situ Bi plating:|
|

>t (s)

|
|
|
Preconcentration :

|
Preconditioning : Stripping

Figure 2. Schematic of anodic stripping voltammetric heavy metal detection using ex situ and in situ Bi electroplating

methods.

The last way to fabricate Bi-based electrode is called bulk method. In-bulk method,
modification of working electrodes with Bi is conducted during preparation of mixture or solution to
produce Bi composite electrodes through synthesis or screen-printing technique [46 - 49]. Bi is

physically added or applicated by chemical reaction in bulk method as shown in Figure 3. So bulk
17



method has the advantage that there is no need for control of Bi electroplating solution and parameter
optimization. But, synthesis-based bulk method takes long time and complicated chemical reaction

processes.

(a) (b)

= Functional group Bi** 4+ Fe¥* 4Fe* BiNS

Reduction

BiNS/GCE

Figure 3. Schematics of the bulk fabrication and anodic stripping voltammetry of heavy metal sensors based on (a) 3D
honeycomb-like N-doped carbon nanosheet framework decorated with bismuth nanoparticles [49] and (b) Bi nanosheet
modified glassy carbon electrode [50].

To enhance the performance as well, fabrication processes for increased surface area of
electrode have been developed such as porous composite electrodes synthesized using reduced graphene,
carbon nanotube [51 - 57] or other nanoparticles [58 - 66] in suspension or solution phase as shown in
Figure 4 and 5. However, these are hard to apply batch process. Also, screen printing method has
limitation of porosity at the electrode surface and synthetic approach lead to inevitable complexity and

longtime in processes. Because of these problems there needs to be a novel approach for electrochemical

heavy metal sensors via batch fabrication method.
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Figure 4. SEM images of surface morphology of (a) reduce graphene oxide-carbon nanotube composite electrode [51] and

(b) multi-walled carbon nanotube electrode [54].

SEI| 10.0kV X75.000 100nm WD 8.6mm

Figure 5. SEM images of surface morphology of (a) Au nanoparticles coated chitosan-graphene/glassy carbon composite

electrode [59] and (b) Ag nanoparticles coated screen-printed carbon electrode [64].

1.4. Thesis outline

In this work, a highly sensitive and reliable electrochemical heavy metal sensor based on

BiND integrated NPCE was newly developed via batch fabrication method in a 6-inch wafer scale. The

Bi-coated NPCE was fabricated using only batch fabrication methods. Polymer structures were

patterned using photolithography and then hierarchical porous surface was formed via O, plasma

etching process. Due to the isotropic etching and self-mask effect, nanoporous carbon surface was
19



formed in the shape of sponge-like network. Finally, the porous patterns were converted into NPCEs
via pyrolysis [67]. After insulating the electrode except the sensing area, bismuth was selectively
electroplated in the form of hierarchical nanodendrites on the NPCEs. The large surface area resulting

from the hierarchical nanostructures performed highly sensitive detection of dual heavy metal ions

using SWASV technique.
(a) Polymer (b) O, microwave (c) Pyrolysis
patterning plasma etch

@

Figure 6. Schematic of fabrication of nanoporous carbon using carbon-MEMS and O microwave plasma etching [67].

Figure 7. SEM surface images of (a) SU-8 polymer structures treated by Oz plasma etching for 300s and corresponding (b)

pyrolyzed nanoporous carbon [67].
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2. Experimental

2.1. Reagents and apparatus

All reagents utilized throughout this study are analytical grade purity. For conventional UV

lithography, two photoresists were prepared. SU-8 3035, a negative photoresist was purchased from

MicroChem. AZ 9260, a positive photoresist was purchased from MicroChemicals. Potassium sulfate

powder (99.0 %), cadmium (IT) and lead (II) standard stock solutions (1000 mg/L) were purchased

from Sigma-Aldrich. Bismuth (III) standard stock solution (1000 mg/L) was purchased from Kanto

Chemicals. Acetic acid (99.7 %) and sodium acetate trihydrate (99.5 %) were purchased from

Samchun Chemicals. As for the experimental instruments, UV lithography processes were conducted

using a mask aligner (MA6, SUSS MicroTec AG, Germany). O, plasma etching was processed by a

PR asher (V15-G, KAMI, Germany). Plasma enhanced chemical vapor deposition (PECVD) process

for insulation layer integration was done using a PECVD machine (PEH-600, SORONA Inc.,

Republic of Korea). Surface morphology of electrode sample was investigated by a scanning electron

microscope (Quanta 200, FEI Co., USA). All the electrochemical experiments were set up with three-

electrode configuration with BIND/NPCE, platinum wire and Ag/AgCl as working, counter and

reference electrodes for each. Electrochemical characterization was examined using a multi-

potentiostat (CHI 1020; CH Instrument Inc., USA). Heavy metal ion detection was done using a

potentiostat (IviumStat, Ivium Technologies, Netherlands). And heavy metal sensing performance was

implemented as shown in Figure 8.
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Working electrode
(BiND/NPCE)

Reference electrode
(Ag/AgCl)

Counter electrode
(Pt)

) O

0.1M Sodium acetate buffer solution
of pH 4.5 containing Cd(ll) and Pb(ll) ions

Figure 8. Schematic of experimental setup.

2.2. Preparation of NPCEs

NPCEs were fabricated via carbon-MEMS and O, plasma etching techniques. At first, 1-um-

thick SiO, insulation layer deposited 6-inch Si wafer was prepared as a substrate by wet oxidation,

followed by cleaning with hot piranha solution and dehydration at 200°C for 5 min on a hot plate. 30-

um-thick SU-8 negative photoresist was spin coated on the substrate and soft-baked on a hot plate for

11 min at 95°C and cooled in room temperature. Then, micro-sized polymer structures were patterned

by UV exposure using a mask aligner and baked at 95°C for 7 min on a hot plate. After developing

process, the polymer structures got etched by O, plasma for 100, 200 and 300s with the power of 500

W with 60 sccm O; at 50Pa. In this process, metal ions such as antimony ions in the SU-8 polymer

precursors functioned as etch-mask from O, plasma [67]. Then, there composed the hierarchical porous
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surface structures on the polymer precursors. Carbonization of the precursors was done through
pyrolysis process under vacuum at high temperature as much as 900°C in a furnace. The pyrolyzed
glassy carbon electrodes were produced with sponge-like nanoporous carbon network on the surface.
For insulation, 30nm-thick-SiO, layer was deposited by PECVD process. Square-shaped connection
pad and active circle area got open by UV lithography of 10-um-thick AZ positive photoresist and wet
etching process based on BOE to finally fabricate the NPCEs with batch processes in a 6-inch wafer

scale.

(1) UV lithography (2) O, plasma etching (3) Pyrolysis

(4) SI0, PECVD (5) UV lithography (6) BOE wet etching

Figure 9. Schematic of the fabrication of NPCEs.

2.3. BiND decoration

BiNDs were decorated on the NPCEs by simple electroplating method. In 0.1 M sodium
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acetate buffer solution (NaAc-HAc) of pH 4.5 with 1mM Bi(III), 2-step ex situ Bi electroplating process

was applicated on the NPCEs with platinum wire and Ag/AgCl electrode for counter electrode and

reference electrode. To compose evenly grown Bi seeds on the carbon surface, the potential of -1.4 V

was applied for 60 s in the first step. In the second step, -0.8 V was loaded for 60, 120, 180, 240, 300,

360 and 420 s for densely grown BiNDs with volume. After rinsing with deionized water and drying,

fabrication of BIND/NPCEs was completed.

v

Seed Growth
Process Process
(-1.4V for 60s) (-0.8V for 240s)

Potential (V vs. Ag/AgCl)

\ 4

Time (s)

Figure 10. Potential application of 2-step ex situ Bi electroplating.
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3. Results and discussion
3.1 Morphology and characterization
3.1.1. Morphology of NPCE

The surface morphology of NPCE was observed using scanning electron microscope. Due to

O, plasma etching process, hierarchical porous carbon networks were successfully formed on the

surface of pyrolyzed carbon electrodes. As shown in Figure 9, as more O, plasma etching time applied

from 100 to 300 s, the number of pore increased and the size of pore decreased. The more processed

under O, plasma etching, the deeper pores composed on the surface of the electrode. In other words,

the number of smaller and deeper pores got augmented as the processing time increased. Among these

SEM images, it seems to be the best porosity on the surface of the electrode etched for 300 s. Actually,

the polymer precursors undergone O plasma etching process for 400 s turned out to be over etched to

be vanished accompanying loss of resultant electrode volume. This phenomenon shows etching time

over 300 s is not desirable parameter with consideration of the function of the electrode. Unnecessary

volume loss of the carbon resulting from excessive etching is supposed to be decline of electrochemical

performance of the electrode. Thus, there can be told that the porosity of the surface of NPCE got higher

as O plasma etching process treated for longer time, but 300 s led to the best porosity without needless

volume loss.
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Figure 11. SEM images of the surface of porous carbon disk electrode by oxygen plasma etching time; 100 (a), 200 (b), 300

and (d) 400 s (d).

3.1.2. Effect of O; plasma etching on surface area

The effect on electrochemical behavior of the composed nanoporous surface of carbon
electrodes by O, plasma etching time was tested by cyclic voltammetry in 0.2M K,SO4 solution with
50mV/s. As can be observed in Figure 10, the area of each plot got higher as the time of O, plasma
etching increased from 0 (Bare) to 300 s. And the electrochemical performance of NPCEs can be
digitized in a form of specific areal capacity as the formula indicates, where E1 and E2 are switching

potentials in cyclic voltammetry, A means the nominal open area of electrodes (Diameter = 400 pum)
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and v is scan rate, 50 mV/s.

As a result of calculation of each plot, the specific areal capacity values were 0.369 for bare carbon,
0.509 for 100 s treated, 1.610 for 200 s treated and 2.012 mF/cm? for 300 s treated carbons by O plasma
etching process. This phenomenon demonstrates the more time O, plasma etched nanoporous carbon
got more enlarged surface area for electrochemical reaction. Therefore, the nanoporous carbon was set

to be fabricated under O, plasma etching for 300 s as it showed the best electrochemical performance

and surface area to volume ratio.
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Figure 12. Cyclic voltammograms of the electrodes with 50mv/s in 0.2 M K2SOs solution by Oz plasma etching time; bare,

0.2 0.4

100, 200 and 300 s treated.
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3.1.3. Morphology of BiNDs

For investigation of BiNDs on the NPCEs by applied time of electroplating, different times
under -0.8 V were applied on the NPCEs. At first, the morphology of Bi dendrites was checked with
electron scanning microscope. As shown in Figure 11(a), for Ist step Bi electroplating under -1.4 V for
60 s, Bi seeds were evenly grown on the walls of NPCE surface. And from Figures 11b to 11h, the
volume and density of BiNDs seemed like getting higher as applied time increased, however, there
could not be evaluated about significant difference from 240 s. There seems to be saturation of BiNDs
on the top surface, since the electrical charge got concentrated and Bi electroplating reaction got to be

occurred on the top branches without Bi ions reaching the lower parts in BIND network.

-0.8V(240s) in 2nd

Figure 13. SEM images of the surface of BIND/NPCE; (a) under -1.4 V for 60 s, followed by under -0.8V for (b) 60, (c) 120,

(d) 180, (e) 240, (f) 300, (g) 360 and (h) 420 s for each in 0.1 M NaAc-HAc (pH 4.5) with 1 mM Bi(III).

3.1.4. Effect of Bi electroplating on heavy metal sensing

The actual sensing performance by 2nd Bi electroplating time was examined using SWASYV,
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in 0.1 M NaAc-HAc of pH 4.5 with 100 pg/L Pb(Il). NaAc-HAc was selected as the supporting
electrolyte, since this is commonly used buffer solution for anodic stripping voltammetry, with capacity
to be applied to environmental samples [29]. Peak current value got increased by 2nd Bi electroplating
time got longer as shown in Figure 12. By the way, the current value along time showed saturation
tendency after 180 s. With the consideration of Bi morphology over the applied electroplating time,
from 180 s, the BiNDs got saturated and there occurs the only top surface reaction without reaching
inside bismuth dendrite network. Since the electric charge was getting concentrated on the top part,

electroplating reaction ran on the only top surface of the BiNDs.
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Figure 14. SWASYV plots of 100 pug/L Pb(II) sensing (a) and peak currents (b) by 2nd Bi electroplating time in 0.1 M NaAc-
HAc (pH 4.5) with 1 mM Bi(IlI); Preconcentration time, 300 s; Preconcentration potential, -1.4 V; Scan range, -1.4 V — -0.5

V; Amplitude, 25 mV; Frequency, 15 Hz; Step potential, 5 mV.

3.2. Optimization of sensing conditions
3.2.1. pH level of target solution

To figure out the optimal pH level of supporting electrolyte, sodium acetate buffer, the sensing
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performance by pH level was examined as shown in Figure 13. Both of Cd(II) and Pb(Il) ions showed
maximized peak current values where the pH level of solution was 4.5. The pH levels too lower or
higher than pH 4.5 couldn’t generate the maximized SWASV performance of BiND/NPCEs. This
phenomenon could be attributed to the increased hydrogen evolution at the interface between
BiND/NPCE and the solution can interfere with preconcentration of the target metal ions in lower
acidity than optimal level [68]. In higher pH level than 4.5, peak currents decreased by lowering the
acidity of the solution, since hydrolysis of Bi(Ill) increased [69]. Thus, pH 4.5 was set to be optimized

value for heavy metal sensing measurement.
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Figure 15. SWASV plots of 100 ng/L Cd(II) & Pb(II) sensing (a) and peak currents (b) by pH level in 0.1 M NaAc-HAc;
Preconcentration time, 300 s; Preconcentration potential, -1.4 V; Scan range, -1.4 V — -0.5 V; Amplitude, 25 mV;

Frequency, 15 Hz; Step potential, 5 mV.

3.2.2. Preconcentration potential
To get optimized sensing conditions, the experiment of varying preconcentration potential
was conducted in 0.1 M NaAc-HAc of pH 4.5 as supporting electrolyte with 100 pg/L Cd(IT) and Pb(II).

Both Cd(II) and Pb(Il) ions got the best responses under -1.4 V, as shown in Figure 14. Saturation
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phenomenon could be observed as the potential get lowered considering the trend from -1.0 to -1.4 V,
however during the application of -1.5 V, the hydrogen evolution rose excessively. The hydrogen
reduction and resulting bubble could interfere with great preconcentration of Cd(II) and Pb(II).
Therefore, the optimized preconcentration potential was set to be -1.4 V. And there hardly turned up
Cd(II) peak currents in the case of -1.0 and -1.1 V applications. This was because the redox potential of
Cd(II) in this reaction system is around -1.1 V. Those two conditions were not sufficient reduce Cd(II)

on BiND/NPCE to get great stripping performance.
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Figure 16. SWASV plots of 100 ug/L Cd(Il) & Pb(II) sensing (a) and peak currents (b) by preconcentration potential in 0.1
M NaAc-HAc (pH 4.5); Preconcentration time, 300 s; Scan range, -1.4 V — -0.5 V; Amplitude, 25 mV; Frequency, 15 Hz;

Step potential, 5 mV.

3.2.3. Preconcentration time
The time of preconcentration of target ions is also the controllable parameter in SWASV
measurement. The peak current and applied preconcentrating time was tested for optimization process
as well. As Figure 15 shows, the more preconcentration time goes, the larger peak current values were

observed in SWASYV results. By the way, the current values got saturated from 300 s approximately for
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both Cd(II) and Pb(Il) ions. The peak currents after 300 s did not get significant increase, instead the
values were in similar level, compared with the values till 200 s for both Cd(II) and Pb(II) ions. This
result is supposed that the nominal open area of the electrode ruled the saturation phenomenon during

preconcentration process. Based on the result, the optimized value for preconcentration time was set to

be 300 s.
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Figure 17. SWASYV plots of 100 pg/L Cd(1I) & Pb(II) sensing (a) and peak currents (b) by preconcentration time in 0.1 M
NaAc-HACc (pH 4.5); Preconcentration potential, -1.4 V; Scan range, -1.4 V — -0.5 V; Amplitude, 25 mV; Frequency, 15

Hz; Step potential, 5 mV;

3.3. Heavy metal sensing performance
3.3.1. Cd(II) and Pb(II) sensing performance
The performance of electrochemical heavy metal sensor based-on BiND/NPCE was
examined by SWASV under the optimized conditions for simultaneous detection of Cd(Il) and Pb(II)
ions with different concentrations from 2 to 600 ug/L. The saturation phenomenon occurred for both of
the peak currents of Cd(II) and Pb(Il) ions, as observed in Figure 16b. The target ions were saturated

from 400 pg/L for Cd(II) and from 200 pg/L for Pb(I). This phenomenon is also assumed that the
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nominal open area with 400pm of diameter limited the linearity over concentration levels of Cd(Il) and
Pb(II). The sensitivity values of the proposed sensor were 3.151 and 2.380 mA-L/ug-cm? in detection
of Cd(II) and Pb(II) for each under the linear range between 2 to 200 pg/L. The limit of detection values

were calculated to be 0.827 ng/L for Cd(Il) and 1.121 pg/L for Pb(I) (S/N=3).
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Figure 18. SWASYV plots (a), peak current density curves (b) and linear calibration curves (c) of Cd(II) and Pb(II) sensing by
ion concentration in 0.1 M NaAc-HAc (pH 4.5); Preconcentration time, 300 s; Preconcentration potential, -1.4 V; Scan

range, -1.4 V — -0.5 V; Amplitude, 25 mV; Frequency, 15 Hz; E step, S mV;

3.3.2. Evaluation
The proposed BiND/NPCE based-electrochemical heavy metal sensor got compared with
other various electrochemical heavy metal sensors as shown in Fgure 17 and Table 2. The proposed
sensor showed low value of limit of detection and great sensitivity in comparable level among the other

works. In regard to the simplicity of fabrication and capability of batch fabrication in wafer scale, this
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work shows great efficiency over the other works. In other words, BIND/NPCE does not need to suffer
the disadvantages as the other works need to endure the complexity and longtime paid for suspension
or solution method of composite electrode processing or pretreatment of sample solution for in situ

plating, the proposed electrochemical heavy metal sensor based-on BiND/NPCE shows competitive

performance for its lower loads of fabrication processes.
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Figure 19. Performance of limit of detection (a) and sensitivity (b) of electrochemical heavy metal sensors.
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LOD Sensitivity Linear range
Reference Electrode (ug/L) (mA-L/pg-cm?) (ng/L)
Cd(II) Pbdl) Cddn Pbdl) Cd(II) Pb(1I)
[51] Au/rGOCNT10-1/Bi 0.6 0.2 0.262 0.986  20-150 20-150
[54] Engineered MWCNTs 0.4 0.3 2.69 1.9 2-50 2-50
[55] CNF-Nafion/GCE 0.38 0.33 1.70 1.94 2-100 2-100
[56] NCQDs-GO 7.45 1.17 0.23 0.16 11.24-11241 20.72-10360
[57] Bi/ERNGO/GCE 0.23 0.17 8.18 8.78 1.124-112.4 2.07-207.2
[70] PA/PPy/GO 2.13 0.41 0.92 1.38 5-150 5-150
[71] Bi/IPA-treated CC 1.08 0.87 3.46 2.6 5-110 5-110
[72] AIk-Ti3C2/GCE 11.02  8.50 0.90 2.19 11.24-168.62 20.72-310.8
[73] N-PCNFs/Nafion/GCE 0.8 0.3 0.60 0.33 2-100 0.5-10
[74] MgFe-LDH/graphene  0.66 0.56 2.7 34 11.24-112.41 20.72-207.2
[75] Clicked-CoPc/GCE 39.01 11.58 0.03 0.14 0-11241.1 0-20720
[76] Nafion coated Bi 1.24 1.68 2.75 1.29 10-50 10-50
This work  BiND/NPCE 0.827 1.121 3.151 2380  2-200 2-200

Table 2. Summary of sensing performance of various Cd(II) and Pb(II) sensors.
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4. Conclusion

I have developed a novel electrochemical heavy metal sensor based on the patternable NPCE
decorated with BiNDs for Cd(IT) and Pb(Il) sensing with high sensitivity (3.151 mA-L/pg-cm? for Cd(I)
and 2.380 mA-L/pg-cm? for Pb(II) ions), low limit of detection values (0.827 for Cd(II) and 1.121 pg/L
for Pb(II) ions). This BIND/NPCE was fabricated via batch microfabrication methods including carbon-
MEMS, O, plasma etching and simple electroplating methods. The electrochemical redox reaction
performance was maximized owing to the enlarged surface area to volume ratio of BiNDs composed
on the sponge-like nanoporous carbon network. This hierarchical bismuth structures led to the great
electrochemical performance during preconcentration and stripping steps of Cd(II) and Pb(II) ions in
SWASYV process. The sensitivity and limit of detection for Cd(II) and Pb(II) ions of the proposed sensor
demonstrated high performance by optimizing the conditions of Bi electroplating condition, pH level
of sampled solution with the target ions, preconcentration potential and time. Thus, between 2 and 200
pg/L concentration range, the BIND/NPCE-based heavy metal sensor showed comparable values of
sensitivity and limit of detection to other various sensors. Furthermore, consideration of the simplicity
and capacity of mass production during fabrication processes lit up the strength of the BiND modified
NPCE sensor as well. The BIND/NPCE-based electrochemical heavy metal sensor exhibits excellent
feasibility as a powerful Cd(II) and Pb(II) sensing and monitoring tool for simultaneous detection of
multiple heavy metal ions. This novel approach can be expected to be improved by simply increasing
nominal area of the working electrodes to prevent saturation phenomenon observed in several sets of
experiments. Moreover, it can be a great contribution to the area of environmental monitoring
technology to develop this sensor for one chip integration of three electrodes on the substrate by simply

adding counter and reference electrodes to the introduced fabrication processes. This research will be a
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promising approach to development of electrochemical heavy metal sensor based on the demonstrated

strength of high sensitivity, and the advantages cost-effective and timesaving fabrication processes.
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