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Abstract 

The authors describe a liquid crystal polymer (LCP) based bismuth (Bi) film electrode that 

can be directly deployed for in-situ determination of zinc(II) ions. The use of an LCP 

warrants improved operational reliability, high durability and flexibility of the sensor, 

allowing it to be mounted on any flat or shaped surface. Square wave anodic stripping 

voltammetry shows the sensor to be able to detect Zn(II) (-1.64 V vs. thin-film Ag/AgCl 

reference electrode) in concentrations as low as 1.22 nM at a deposition time of 180 s. Other 

figures of merit include (a) an analytical sensitivity of 1.55 nA∙nM
-1

∙mm
-2

, (b) a linear 

detection range extending from 4.59 to 1071 nM, (c) a repeatability with a relative standard 

deviation of 3.35% (for n = 10), (d) a reproducibility with a relative standard deviation of 

1.64% (for n = 6). Real-time applicability of the sensor for in-situ detection was 

demonstrated by determination of Zn(II) in seawater. In an extension of the method, a 

flexible sensor array consisting of four LCP-based sensors was attached to the hull of an 

autonomous kayak, which was remotely operated. The response of the sensor array indicated 

a clear trace of Zn(II) concentrations in seawater. This was confirmed by ICP-MS analysis. 

The results suggest the potential usage of the flexible LCP electrochemical sensor for in-situ 

monitoring. 
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1. Introduction 

Zinc [Zn(II)] is widely used in several industries, especially galvanization, petroleum, 

lubrication, pigmentation, alloy manufacturing and battery production. Zn(II) metal ions can 

easily get into the groundwater through discharge of untreated industrial wastewater as well 

as excessive fertilization in some farmlands. The recommended value of Zn(II) ions in 

drinking water, as provided by the World Health Organization (WHO), is 3 mg∙L
-1

 [1]. Over-

intake may induce nausea, vomiting, epigastric pain, lethargy, fatigue, etc. [2]. Conventional 

water quality monitoring requires water samples to be manually collected and analyzed in the 

centralized laboratory. Analytical methods, such as atomic absorption spectrometry (AAS) [3, 

4], inductively coupled plasma atomic emission spectrometry (ICP-AES) [5, 6], and 

inductively coupled plasma mass spectrometry (ICP-MS) [7, 8], are usually adopted to 

determine the concentration of target metal ions. Although these approaches are capable of 

quantifying the water quality, their complicated operation, high instrumentation cost, and 

bulky size limit the application for on-site/in-situ measurement. Real-time data regarding the 

levels of metal ions in concerned sites cannot be obtained by using the aforementioned 

techniques. Therefore, research pertaining to the development of simple-to-use, inexpensive, 

miniaturized, and compact sensors/devices that can be directly used for point-of-care/in-situ 

detection is of great interest to both academics and industries. 

To circumvent the complexity of conventional testing techniques, researchers have 

started to use electroanalytical methods, especially anodic stripping voltammetry (ASV). 

ASV exhibits several advantages, including simplicity of experimental arrangement, low cost, 

and favorable sensitivity. The material of the working electrode is an essential sensing 

element of ASV to ensure successful stripping analysis. Over the last decade, bismuth (Bi) 

film electrodes (BFEs) have gained wide acceptance because of their non-toxic property, 

making them potential alternatives to replace mercury electrodes. BFEs also offer a number 

of attractive merits, such as reproducible voltammetric response, easily distinguishable 

stripping peak, more negative potential window and high signal-to-background ratio [9]. 

BFEs can be prepared by simultaneously accumulating Bi ions together with target heavy 

metal ions onto the surface of supporting electrodes, e.g. glassy carbon electrode [10-12], 

pencil-lead [13], iridium microwire [14], gold micropillar electrode array [15], etc. In 

addition, BFEs can be modified with different materials, such as graphene oxide [16], 

chitosan [17], and carbon nano-fragments [18]. Usually, a silver/silver chloride (Ag/AgCl) 

reference electrode with aqueous inner electrolyte and a platinum (Pt) wire counter electrode 
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are needed to successfully perform the ASV measurement. However, the overall size and 

cumbersome preparation procedures make them unsuitable for in-situ heavy metal 

determination, though such commercial electrodes have more reliable performance. 

On the other hand, chemical sensors having ex-situ prepared BFEs with thin-

film/screen-printed reference and counter electrodes provide a promising candidature for in-

situ quantification of heavy metal ions. This is mainly attributed to the possibility to integrate 

all necessary sensing and accessory components onto a single device. Applications of this 

type of sensors towards Zn(II) [19], cadmium (Cd(II)) [20, 21], and lead (Pb(II)) [20-22] 

detection have been reported. To achieve long-term in-situ measurement, the material of the 

sensor substrate also plays a critical role in maintaining operational reliability of the sensor as 

unremitting subjection to rigorous surroundings is inevitable. Therefore, the most desired 

properties of such material should include strong mechanical stability, low moisture 

absorption, superior hermetic sealing and excellent chemical inertness. Liquid-crystal 

polymer (LCP) is chosen as the sensor substrate due to its compliance with the 

aforementioned features. LCP, made up of aligned molecule chains with crystal-like spatial 

regularity, is a class of aromatic thermoplastic polymers. It demonstrates a highly ordered 

structural configuration in the solid state [23]. LCP improves the operational reliability of the 

sensors since it has higher fracture strength as compared to other materials such as plastic, 

cloth, paper, silicon, and glass. This will enable the chemical sensors with LCP substrate to 

be deployed for harsh environmental applications. LCP also demonstrates high weatherability 

in seawater due to its extremely low moisture absorption (~0.02%, [23]) even after extended 

periods of exposure to the seawater. LCP is exceptionally inert and does not suffer attacks 

from various corrosive chemicals that can easily damage materials like plastic, paper, silicon, 

etc. LCP also maintains stable dimensional properties in the fluid environment due to its low 

permeability to water [24]. 

In addition, the flexibility of LCP allows the sensors to be surface-mounted on the 

streamlined bodies of underwater vehicles. Arrays of chemical sensors can be batch 

fabricated on LCP and the entire array can be surface-mounted as it is on the vehicle. This 

feature is impractical when it comes to silicon or glass substrate. The process of device 

fabrication, dicing and packaging with LCP is highly compatible with established 

microelectromechanical systems (MEMS) techniques [25-27]. Particularly, LCP complies 

with photoresist patterning through lithography, deep reactive ion etching, thin film 

sputtering and metallization. These merits allow it to be easily incorporated into the design of 

disposable and compact chemical sensors for point-of-care applications. In this work, a 
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flexible electrochemical sensor with Bi film sensing electrode (200 nm thickness) fabricated 

on LCP substrate is developed. The sensing principle of the sensor relies on the fact that 

target metal ions dissolved in the testing solution are able to form alloys with Bi in the 

deposition process. The metal alloys will subsequently strip off from the working electrode at 

a certain potential, during which the stripping current is recorded. The magnitude of the 

stripping current is correlated with the concentration of the target ions. Laboratory 

characterization reveals an excellent analytical performance of the sensor towards Zn(II) 

measurement. The application of the sensor for in-situ Zn(II) detection in seawater is 

successfully demonstrated by performing a sea trial testing. A flexible sensor array consisting 

of four LCP electrochemical sensors is attached to the hull of an autonomous kayak that is 

remotely operated to perform various missions. 

 

 

2. Experimental 

2.1 Chemicals and reagents 

The chemicals and reagents used in this study were of analytical grade and purchased from 

Sigma-Aldrich, Singapore (www.sigmaaldrich.com/singapore.html) unless stated otherwise. 

Deionized (DI) water (18.2 MΩ·cm) collected from a Milli-Q system (Millipore, Singapore, 

www.merckmillipore.com/SG/en) was used for the preparation of all solutions. A sheet of 

LCP 3908 (100 µm thickness) with two-sided copper (Cu, 18 µm thickness) protective layer 

was purchased from Rogers Corporation, USA (www.rogerscorp.com/index.aspx). 

Polydimethylsiloxane (PDMS) was obtained from Dow Corning, Singapore 

(www.dowcorning.com). Sodium chloride (NaCl) with a concentration of 0.6 M was used for 

all laboratory-based experiments. This concentration was determined in accordance with the 

salinity of seawater, which is about 3.5%. Zn(II) standard stock solution (1000 mg∙L
-1

) was 

obtained from Merck, Singapore (www.merck.com.sg/en/index.html). Solutions for 

interference study, including ammonium chloride (NH4Cl), potassium chloride (KCl), 

magnesium chloride (MgCl2), and calcium chloride (CaCl2), were prepared by dissolving an 

appropriate amount of powder into the DI water. Whereas, solutions of copper nitrate 

(Cu(NO3)2), lead nitrate (Pb(NO3)2), and cadmium nitrate (Cd(NO3)2) used for interference 

study were prepared from the atomic absorption standard solution (1000 mg∙L
-1

). 
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2.2 Fabrication of the LCP electrochemical sensor 

The fabrication of the LCP electrochemical sensor is accomplished by means of standard 

MEMS techniques. A schematic describing the steps involved in the sensor fabrication is 

shown in Fig. 1. The first step during the fabrication was to dip the LCP thin film into Cu 

etchant to etch away the protective layer. After thoroughly cleaning with DI water followed 

by drying with nitrogen gas, the LCP film was attached to a silicon wafer (4-inch diameter 

and 300 µm thickness) using AZ9260 positive photoresist (10 µm). Then the wafer was 

baked on a hotplate at 80 °C for 40 minutes to bond the LCP film to the silicon wafer (step 1). 

A layer of the photoresist (5 µm) was spin-coated on the LCP film and exposed to 365 nm i-

line ultraviolet (UV) light. The pattern of three electrodes was formed after removing the 

exposed areas of the photoresist in AZ 400K developer (step 2). Subsequently, a layer of 

chromium/gold (Cr/Au, 50/200 nm) was sputtered by using magnetron sputtering system, in 

which the Cr layer was used to promote adhesion (step 3). Thereafter, the entire wafer was 

immersed in acetone for 12 hours to remove the unexposed photoresist along with the metal 

layer left on top of these areas (step 4).  

Another layer of photoresist (5 µm) was spin-coated on the LCP film and patterned 

with UV light to expose only the reference electrode area. Subsequently, a layer of Ag/AgCl 

(150/250 nm) was deposited (step 5). The wafer was then immersed in acetone for 12 hours 

to remove the remaining photoresist (step 6). After that, another layer of photoresist (5 µm) 

was spin-coated on the LCP film and patterned to open the area of the working electrode. A 

layer of Bi (200 nm) was sputtered using the magnetron sputtering system (step 7). By 

immersing the wafer into acetone for another 12 hours, all remaining photoresist was 

removed and the fabrication of the sensor was completed (step 8). The counter electrode was 

defined by the previously-sputtered Au layer without any further modification. Photograph of 

an individual sensor after fabrication is depicted in Fig. 2a. The LCP electrochemical sensor 

can be easily flexed without damaging the thin-film electrode layers. Such high flexibility of 

a sensor bent using a tweezer is shown in Fig. 2b. Prior to experiments, the fabricated sensor 

was packaged by wiring contact pads of the three electrodes with conductive epoxy and 

baked at 80 °C for 3 hours. Following this step, a few drops of non-conductive epoxy were 

applied to cover the contact pads and the sensor was baked at 80 °C for 1.5 hours to ensure 

proper insulation.  
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Fig. 1 Schematic drawing to show fabrication procedures of the LCP electrochemical sensor, 

where metal layer left on top of the unexposed photoresist is not shown in order to improve 

clarity 

 

        

Fig. 2 a Photograph of the LCP electrochemical sensor after fabrication, where ‘WE’, 

working electrode; ‘CE’, counter electrode; ‘RE’, reference electrode. b Photograph of a LCP 

electrochemical sensor bent using a tweezer to show high flexibility 

 

2.3 Experimental apparatus 

All electrochemical experiments were performed by using a portable EmStat 3 potentiostat 

(PalmSens BV, Netherlands, www.palmsens.com). PSTrace 4.7 software was used to control 

the potentiostat. During the sea trial testing, a channel multiplexer (PalmSens BV, 

Netherlands) and a connection terminal equipped with shielded cables (PalmSens BV, 

b a 
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Netherlands) were used to connect the sensor array with the potentiostat. All experimental 

apparatus, including glass vial (Alpha Analytical, Singapore, www.alphalab.com), Teflon cap 

(Alpha Analytical, Singapore), and magnetic stirrer bar (Sigma-Aldrich, Singapore) were 

thoroughly cleaned with DI water before the experiments. Eppendorf pipettors (Sigma-

Aldrich, Singapore) were used to deliver aliquots of the standard solutions into the testing 

vial. 

 

2.4 Measurement procedures 

Experiments of cyclic voltammetry (CV) were carried out under quiescent condition by fully 

immersing the LCP electrochemical sensor in the solution of 0.6 M NaCl. Experimental 

parameters were chosen as an initial potential of -2.0 V, a final potential of -0.5 V, and a scan 

rate of 50 mV∙s
-1

. Electrochemical investigation of the LCP electrochemical sensor for Zn(II) 

detection was initiated by accumulating target ions to the working electrode under a 

deposition potential of -1.6 V (after optimization) for 180 s (after optimization). After a 5 s 

equilibration time, voltammograms were recorded from -1.8 to -1.2 V by square wave anodic 

stripping voltammetry (SWASV) with a frequency of 10 Hz, amplitude of 20 mV, and a step 

potential of 5 mV. A conditioning potential of -1.0 V was applied to the working electrode 

for 120 s for the purpose of refreshing the electrode surface. During deposition and 

conditioning steps, the solution was stirred with the aid of the magnetic stirrer bar. All 

solutions (around 25 °C) in the laboratory-based experiments were used without prior 

deaeration. For sea trial testing, seawater (around 28 °C) was constantly replenished into 

PDMS channel during the deposition and conditioning steps by controlling the kayak to 

slowly move in a straight line. The potentials controlled and measured during all the 

electrochemical experiments were with respect to the fabricated thin-film Ag/AgCl reference 

electrode. 

 

 

3. Results and discussion 

3.1 Preliminary investigation and optimization of the sensor 

For an electrochemical sensor with a quasi-reference electrode, the potential window is an 

important parameter to study since it defines the range of heavy metal ions that can be 

determined by the sensor. The potential window of the LCP electrochemical sensor was 

evaluated by conducting CV experiments with three sensors in the solution of 0.6 M NaCl. 
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The cyclic voltammograms recorded are shown in Fig. S1a. The potential window of the 

sensor was estimated between -1.7 and -0.8 V with respect to the fabricated thin-film 

Ag/AgCl reference electrode. A preliminary SWASV experiment was conducted in the 

solution of 0.6 M NaCl with 0.15 µM Zn(II). The anodic stripping voltammogram, as 

illustrated in Fig. S1b, shows a well-defined Zn(II) stripping peak near the potential of -1.64 

V. This suggests that the LCP electrochemical sensor is suitable for Zn(II) detection. It is 

well known that accumulation of metal ions to the working electrode is significantly affected 

by deposition potential as well as deposition time. Therefore, a series of SWASV 

experiments were conducted in order to optimize these two parameters. The detailed results 

are presented in Fig. S2a and S2b. Finally, a deposition potential of -1.6 V and a deposition 

time of 180 s were selected as optimal values for further experiments. 

 

3.2 Repeatability, reproducibility and interference 

The analytical performance of the LCP electrochemical sensor in terms of repeatability over 

multiple measurements was investigated by performing ten consecutive runs of SWASV in 

the solution of 0.6 M NaCl with 0.15 µM Zn(II). The response in stripping peak current of 

one sensor is depicted in Fig. 3a. The sensor displayed consistent stripping currents among 

the first six runs, after which the current gradually dropped to a lower value. The repeatability 

of the LCP electrochemical sensor over ten times of measurements, calculated from the 

relative standard deviation (RSD), is 3.35%. To evaluate the reproducibility over multiple 

sensors, SWASV experiments were further conducted using six LCP electrochemical sensors 

in the same solution. The responses in stripping peak current of the six sensors during three 

consecutive runs of SWASV are illustrated in Fig. 3b. It can be observed that all sensors 

exhibited comparable stripping currents. According to the calculation from RSD, the 

reproducibility among six LCP electrochemical sensors is 1.64%. These experimental 

outcomes suggest that repeatable responses for Zn(II) detection can be expected with a 

strategically placed array of the LCP electrochemical sensors.  

The influence of possible interfering ions on the analytical performance of the LCP 

electrochemical sensor was also investigated and the results are presented in Fig. S3. Few 

common ions, including NH4
+
, K

+
, Mg

2+
, Ca

2+
, Cu

2+
, Pb

2+
, and Cd

2+
, were selected owing to 

their wide availability in natural waters. During the experiments, the concentration of 

interfering ions was adjusted to be 100 times higher than that of the Zn(II) ions. It is observed 

that there was no significant interference effect for NH4, K, Mg, and Ca cations on the Zn(II) 

stripping signal of the sensor. However, Cu(II), Pb(II), and Cd(II) ions did have interference 
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effect on the Zn(II) stripping current. This was possibly due to the strong competition 

between these metal ions to form intermetallic compounds deposited on the working 

electrode. The tolerance limits of the sensor for Cu(II), Pb(II), and Cd(II) ions were around 5, 

20, and 20 times higher than the concentration of Zn(II) ions, respectively. This interference 

phenomenon was also reported by Meng et al. [28] using Bi-film-modified montmorillonite 

doped carbon paste electrode and Krolicka et al. [29] using Bi film screen-printed electrode.  

  

Fig. 3 Stripping peak current measured during a ten consecutive runs of SWASV for one 

LCP electrochemical sensor and b three consecutive runs of SWASV for six LCP 

electrochemical sensors in the solution of 0.6 M NaCl with 0.15 µM Zn(II). Deposition 

potential: -1.6 V; deposition time: 180 s. Potentials were measured with respect to the 

fabricated thin-film Ag/AgCl reference electrode 

 

3.3 Analytical performance of the sensor 

Investigation pertaining to the analytical performance of the LCP electrochemical sensor was 

conducted by monitoring responses of several SWASV experiments in the solutions of 0.6 M 

NaCl with elevated concentration of Zn(II) ions. Figure 4a shows a series of anodic stripping 

voltammograms recorded. Undistorted and legible stripping peaks were easily distinguished 

near the potential of -1.64 V. The magnitude of these peaks became higher when the 

concentration of Zn(II) ions was changed from 4.59 to 1071 nM. The calibration plot is 

shown in Fig. 4b, from which a linear correlation (R
2
=0.997) between the magnitude of peak 

currents and Zn(II) concentrations was obtained. These experimental data reveal that the LCP 

electrochemical sensor exhibited linear responses toward Zn(II) metal ions over the 

concentration range of 4.59 to 1071 nM. The sensor also displayed a relatively high analytical 

sensitivity of 1.55 nA∙nM
-1

∙mm
-2

. The limit of detection (LOD) of the sensor, calculated 

based on the signal-to-noise ratio of 3, was as low as 1.22 nM. A comparison regarding 

a b 
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analytical performance between the LCP electrochemical sensor and other Bi-based 

electrochemical sensors reported in the literature is listed in Table 1. In view of the data from 

the table, it is not an overstatement to claim that the LCP electrochemical sensor has great 

potential to be used for trace Zn(II) detection.  

 

 

Fig. 4 a A series of anodic stripping voltammograms recorded for the LCP electrochemical 

sensor with increased concentration of Zn(II) ions from 4.59 to 1071 nM. b Corresponding 

calibration plot of the stripping peak current with respect to Zn(II) concentration. Deposition 

potential: -1.6 V; deposition time: 180 s. Potentials were measured with respect to the 

fabricated thin-film Ag/AgCl reference electrode 

 

 

 

 

 

a 

b 
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Table 1 Comparison of different electrochemical sensors for determination of Zn(II) 

Sensing 

electrode 

Sensitivity 

(nA∙nM
-1
∙mm

-2
) 

LOD 

(nM) 

Linear range 

(nM) 
Reference 

Ex-situ sputtered 

bismuth film 
1.55 1.22 4.59 – 1.07 × 10

3
 This work 

In-situ electroplated 

bismuth film 
NA

#
 4.59 61.18 – 0.55 × 10

3
 [11] 

In-situ electroplated 

bismuth film 
NA

#
 6.12 30.59 – 0.37 × 10

3
 [13] 

In-situ electroplated 

bismuth film 
0.70 130 2,500 – 30 × 10

3
 [19] 

Ex-situ evaporated 

bismuth film 
0.51 60 1,000 – 30 × 10

3
 [19] 

Tin-bismuth alloy 0.46 50 500 – 25 × 10
3
 [30] 

Ex-situ screen-printed 

bismuth oxide 
0.02 504.74 1,147.14 – 9.18 × 10

3
 [31] 

#
NA stands for ‘not available’. 

 

3.4 In-situ application of the sensor 

With the purpose of exploring the potential application of the LCP electrochemical sensor for 

in-situ Zn(II) detection, a flexible sensor array was designed and assembled. As shown in Fig. 

5, four sensors, denoted as ‘S1’, ‘S2’, ‘S3’, and ‘S4’ respectively, were placed on a flexible 

PDMS slab with a thickness of 10 mm. Each sensor was covered by a PDMS channel with a 

volume of 0.18 cm
3
. The function of the channel is to filter coarse particles in seawater while 

maintaining continuous flow to stay in contact with the sensor during measurement. As 

depicted in the inset of Fig. 5, the PDMS channel was designed to have a rectangular inlet (4 

mm width × 3 mm height) and a circular outlet (2.5 mm diameter). An enclosed chamber was 

inlaid near the main channel to protect the soldering points. Three long narrow slots were 

used to cover the connection wires. Fabrication of the PDMS channel was accomplished by 

casting degassed solution onto a 3D-printed mold, followed by a heat treatment in an oven at 

75 °C for 3 hours. 
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Fig. 5 Photograph of the sensor array prepared for sea trial testing, where four LCP 

electrochemical sensors are denoted as ‘S1’, ‘S2’, ‘S3’, and ‘S4’. The inset shows an 

enlarged view of one PDMS channel 

 

The sensor array was attached to the hull of an autonomous kayak, as shown in Fig. 

6a. Edges of each PDMS channel were completely glued by Sil-Poxy silicone rubber 

adhesive to prevent possible peel-off during measurement, as shown in Fig. 6b. Wires of the 

sensor array were separately connected to different channels of the portable EmStat 3 

potentiostat, which was mounted inside the kayak. A USB cable was used to connect the 

potentiostat to one of the onboard computers of the kayak, with which the measurement was 

remotely controlled. The kayak was equipped with another onboard computer, which was 

used to navigate the movement of the kayak. After deployment of the kayak into the sea, the 

kayak was commanded to move in a straight line, during which the deposition step was 

executed. Then the kayak was set to be in the stationary mode to collect the voltammogram 

of each sensor. Thereafter, the kayak was directed to next location, in between a conditioning 

step was provided in order to clean the working electrode. The responses of the sensor array 

were independently recorded at three locations, denoted as ‘L1’, ‘L2’, and ‘L3’. The map of 

these locations, calculated from the GPS coordinates, is shown in Fig. 6c. In consideration of 

avoiding possibly-biased testing results due to potential contamination of the electrode 

surface, the sensor array was tested one time at each location. Besides, the seawater samples 

at three locations were also collected. By doing so, the concentration of different metal ions 

at each location can be verified through commercially-established method for comparison. 
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Fig. 6 a Photograph of the autonomous kayak used during the sea trial testing, where the 

yellow arrow shows the direction of the kayak movement and the yellow box shows the 

location of the sensor array. b A close-up of the sensor array attached to the hull of the kayak. 

c Schematic drawing of the map of three testing locations, which are denoted as ‘L1’, ‘L2’, 

and ‘L3’ 

 

The responses of the sensor array during the sea trial testing are presented in Fig. S4, 

S5, S6, and S7. For all the sensors, distinct stripping peaks were observed near the potential 

of -1.64 V, demonstrating a clear trace of Zn(II) ions at the testing locations. The seawater 

samples collected during the sea trial testing were analyzed by means of ICP-MS and the 

results are listed in Table S1. Results of the ICP-MS analysis confirmed the presence of Zn(II) 

metal ions at all testing locations. The quantified Zn(II) concentrations were converted to 

current values using the calibration equation (refer to Fig. 4b). Table 2 lists the comparison 

between the converted current (designated as ‘reference value’) and the stripping peak current 

detected by each sensor at three locations. It is unambiguous that the sensor array displayed 

comparable current values with respect to the reference ones. This indicates high feasibility to 

directly deploy the LCP electrochemical sensor for in-situ Zn(II) detection. 

 

 

a 

b c 
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Table 2 Comparison between the converted current and the current detected by 

the sensor array during the sea trial testing 

Testing 

location 

Reference 

value (µA) 

S1 

(µA) 

S2 

(µA) 

S3 

(µA) 

S4 

(µA) 

L1 5.729 ± 0.002 5.868 5.873 5.880 5.918 

L2 5.758 ± 0.003 5.944 5.970 5.998 6.032 

L3 5.718 ± 0.001 5.778 5.782 5.838 5.844 

 

 

4. Conclusions 

In this paper, a flexible electrochemical sensor with Bi film sensing electrode constructed on 

LCP substrate was developed. The sensor fabrication was carried out via standard MEMS 

techniques. Analytical performance of the sensor pertaining to Zn(II) detection was 

investigated by conducting a series of laboratory-based experiments. The sensor exhibited 

favorable sensing capabilities in the aspects of sensitivity, detection limit, as well as detection 

range. Application of the sensor for in-situ Zn(II) measurement was successfully 

demonstrated by performing sea trial testing with a sensor array attached to the hull of an 

autonomous kayak. The responses of the sensor array were confirmed by the ICP-MS 

analysis of the collected seawater samples. The laboratory and field investigations suggest 

promising application of the LCP electrochemical sensor for in-situ Zn(II) determination. 

However, there are still some limitations for the sensor to achieve long-term, multi-location 

heavy metal monitoring. For instance, if the seawater is highly turbid or heavily polluted, the 

sensor with current design may not function well in consideration of rapid contamination 

imposed to the working electrode. Such kind of barrier can be possibly surpassed by 

integrating a miniaturized filter into the sensor in such a way that the seawater sample is 

pretreated before passing through the working electrode.  
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