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Abstract: An electrochemical sensor was fabricated on a flexible polyethylene terephthalate (PET)
substrate for the detection of cadmium sulfide (CdS), a heavy metal compound. The sensor consists
of a working and reference electrode that were gravure printed using silver (Ag) ink on the PET
substrate. The performance of the sensor was investigated by measuring electrical impedance
spectroscopy (EIS) for varying concentrations of the CdS. From the EIS based response, an
impedance change of 11 + 1%, 23 + 1%, 34 + 2% and 50 + 3% was observed for the 1 pM, 1 nM, 1 uM
and 1 mM concentrations of CdS, respectively when compared to de-ionized (DI) water, thus
demonstrating the potential of employing gravure printed electrochemical sensors for heavy metal
detection applications.
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1. Introduction

In recent years, the development of flexible electrochemical sensors for detecting various
biochemicals has been a major research focus for applications in diverse fields including
environmental, food and biomedical industries [1-3]. Electrochemical sensors are typically fabricated
using conventional silicon (Si) based processes which require sophisticated lithography techniques
and utilizes special equipment operating at high temperatures and in vacuum [4-6]. In addition, the
Si-based processes are labor intensive and time consuming, thus resulting in a relatively high
fabrication cost. Moreover, in this process, the sensors are often fabricated on rigid and/or brittle
substrates and lacks flexibility, thereby limiting its application[6-8].

To alleviate the drawbacks associated with Si-based fabrications techniques, additive print
manufacturing processes such as screen, gravure, and inkjet can be employed for the fabrication of
electrochemical sensors on flexible platforms [9-11]. These processes offer numerous benefits
including roll-to-roll high volume production with rapid prototyping capabilities, reduced
fabrication steps and relatively lower costs when compared to conventional lithography techniques.
There are several reports available on the fabrication of electrochemical sensors using screen and
inkjet printing processes [12-16]. However, there are very few reports on the development of
electrochemical sensors using gravure printing process that offers relatively fine feature sizes at high
print speeds [17].

In this paper, an electrochemical sensor with a working and reference electrode was fabricated
on a flexible polyethylene terephthalate (PET) substrate using gravure printing process. The
capability of the flexible electrochemical sensor was quantitatively investigated by analyzing the
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electrical impedance spectroscopy (EIS) measurements towards the detection of a heavy metal
compound, cadmium sulfide (CdS).

2. Materials and Methods

2.1. Materials

PET (MELINEX® 5T730) from DuPont Teijin Films was employed as a substrate. Silver (Ag) ink
(AG-800) from Applied Ink Solutions was used for the fabrication of the electrodes, as the
metallization layer. CdS was purchased in powder form from Sigma-Aldrich (Missouri, USA).
Varying concentrations of CdS (1 pM, 1 nM, 1 uM and 1 mM) were prepared by suspending CdS in
deionized (DI) water. Isopropyl alcohol from Sigma—Aldrich was used as the cleaning agent.

2.2. Sensor Fabrication

The schematic of the two-electrode configuration electrochemical sensor is shown in Figure 1a.
The overall dimension of the sensor is 2 cm x 1 cm with a working electrode of 1700 um radius and a
reference electrode with outer radius and inner radius of 3900 um and 2900 um, respectively. A
contact angle of 40.9 + 3.1° was measured for the Ag ink with respect to the PET substrate with a First
Ten Angstroms FTA-200 goniometer, using equilibrium contact angle method, thus showing good
wetting properties [18]. K-Printing Proofer, a laboratory scale gravure press along with a gravure
plate engraved electromechanically with 45 cell angle and 300-line screen was used for gravure
printing the Ag ink on the flexible PET substrate. The printed Ag was then thermally cured at 130 °C
for 5 min in a VWR 1320 temperature-controlled oven. Figure 1b shows the photograph of the printed
electrochemical sensor on flexible PET substrate. An average thickness and roughness of 0.66 + 0.02
pm and 0.14 + 0.01 um was measured for the printed Ag layer using a Bruker Contour GT-K vertical
scanning interferometer respectively (Figure2a).
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Figure 1. (a) Schematic of the electrochemical sensor; (b) Gravure printed flexible electrochemical
Sensor.
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Figure 2. (a) 3D Profilometry scan of the printed gravure printed Ag layer on PET illustrating a total
thickness (AZ) of 0.64 um and roughness (Sa) of 0.14 um; (b) Experiment setup.

2.3. Experiment Setup

Figure 2b shows the experiment setup for obtaining EIS response of the printed electrochemical
sensor. The printed sensor was connected to an Agilent 4980A precision LCR meter using small
outline integrated chip (SOIC) test clips for measuring impedance. A PC with a custom built LabView
program was connected to the LCR meter for recording the EIS responses. A 120 puL of DI water was
then drop casted on the sensor to establish a reference signal at an operating frequency of 20 Hz and
applied potential of 100 mV. Following this, 120 uL of 1 pM, 1 nM, 1 uM and 1 mM ionic
concentrations of CdS were drop casted for obtaining EIS measurements, at room temperature.

3. Results and Discussion

The EIS response of the printed sensor was tested towards varying ionic concentrations of CdS
solution at an applied potential of 100 mV and 20 Hz operating frequency. From the EIS response, it
was observed that the impedance of the printed sensor decreased from 690 + 20 kQ to 616 + 23 kQ) to
532 +20 kQ to 459 + 27 k(2 to 346 + 29 k() as the concentration of the CdS solution increased from DI
tol pMto1nM to1l uM to 1 mM, respectively as shown in Figure 3a. This resulted in an impedance
change of 11 + 1%, 23 + 1%, 34 + 2% and 50 = 3% for the 1 pM, 1 nM, 1 uM and 1 mM concentrations
of CdS, respectively when compared to DI water (Figure 3b) and this change can be attributed to the
change in the ionic concentrations at sensor/analyte interface. The results demonstrated picomolar
concentration detection capability of the electrochemical sensor as well as the potential of employing
additive gravure printing process for the fabrication of light weight and cost effective electrochemical
sensors for the detection of heavy metal compounds. It is worth noting that the picomolar level
detection capability of the printed sensor is several orders of magnitude lower than the specified
toxicity limit of CdS by the USFDA which is 3 uM[19].
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Figure 3. (a) EIS response of the printed sensor towards varying concentrations of CdS; (b) Percentage
change in impedance of the printed sensor for varying concentrations of CdS.

4. Conclusions

In this work, a gravure printed electrochemical sensor was successfully fabricated on a flexible
PET substrate for the detection of CdS. The capability of the printed electrochemical sensor was
investigated by measuring the EIS response for varying concentrations of the CdS. An impedance
change of 11 + 1%, 23 + 1%, 34 + 2% and 50 + 3% was observed for the 1 pM, 1 nM, 1 uM and 1 mM
concentrations of CdS, respectively when compared to DI water, thus demonstrating the potential of
employing gravure printed electrochemical sensors for heavy metal detection applications. Future
work includes testing the capability of the sensor to detect other heavy metal compounds such as
mercury sulfide (HgS) and lead sulfide (PbS) as well as enhancing the selective detection capability
of the sensor using ion selective sensing layers. Integration of the sensor within miniature portable
Lab-on-a-Chip (LOC) sensing systems is also part of our future research.
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