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Abstract

In this study, a nitrate Extended Gate Field Effect Transistor (EGFET) sensor has been
deposited with polyaniline (PANI) using a dip coating method by varying the withdrawal
speed parameter at a range of 1 to 7 mm/s to improve the detection and stability of the
sensor that uses zinc oxide (ZnO) as a sensing material, which lacks sensitivity and stability
in detecting nitrate. The sensor was characterized by analysing its surface morphology, light
absorption, and wettability level. The sensitivity and linearity of the sensors were evaluated
using EGFET measurements, which showed that the threshold voltage changes when the
sensor interacts with the analyte. The results obtained by comparing ZnO/indium tin oxide
film and PANI/ZnO film show that PANI helps to improve sensor performance, and the best
parameter setup to deposit PANI was at 2 mm/s withdrawal speed, resulting in a super-
Nernstian response with a high sensitivity of 78.90 mV//dec and close to 1 linearity. The film
showed excellent long-term stability in detecting nitrate in a 50-ppm nitrate solution, with
the lowest drift rate at 0.1278 V/h. The dip coating method, using a 2 mm/s withdrawal
speed, appears to be effective for fabricating PANI as a polymer layer for nitrate sensors.

Keywords
Electrochemical sensor; potentiometry; zinc oxide/polyaniline bilayer; surface wettability;

nitrate monitoring

Introduction

Nitrate (NOs) is one of the elements that commonly cause contaminants in water sources,
originating from agricultural runoff, industrial discharge, and wastewater treatment plants [1,2]. Its
presence in excess concentrations poses serious health risks to humans and aquatic ecosystems [3].
Therefore, developing accurate and sensitive sensors for detecting nitrate ions in water is paramount
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for environmental monitoring and public health protection [4,5]. Electrochemical detection is a
commonly used method that offers excellent detection capabilities. This method is marked by its high
selectivity, rapid analysis, simple structures, and user-friendly operation [6,7]. To operate as chemical
sensors, these methods employ an electrode as a transducer element in the presence of an analyte
[8,9]. Potentiometric sensors are one type of electrochemical sensor that offers high usability, making
them suitable for applications such as portable instruments that feature a straightforward setup, ease
of sample preparation, and enhanced sensitivity or selectivity. These sensors operate based on the
measurement of the potential difference between two electrodes, typically a reference electrode (RE)
and sensing electrode (SE), in response to changes in nitrate ion concentration [9,10]. The potential
difference developed at the boundary between the SE and the analyte is dependent on the
concentration of nitrate as explained by the Nernst Equation (1) [9]:

ion

RT
E=E, +2.3026—Floga. ) (1)
V4

where E is the potential measured across the electrodes, Eo is the cell potential, R is the ideal gas
constant, T is the temperature, F is Faraday’s constant, z is the charge of the ion of interest, and dion
is the ion activity [9,11]. The extended gate field effect transistor (EGFET) is a type of potentiometric
transistor that isolates the field effect transistor from its surrounding chemical environment,
providing several advantages [12]. These advantages include easy characterization through simple
connections at low cost, minimizing interference from light and temperature, and long-term stability
under various environmental conditions [13,14]. Several studies have utilized EGFET for nitrate
detection on various sensing electrodes. A.B. Rosli et. al. [14] developed a bilayer of polymer and
metal oxide nitrate EGFET sensor using a spin coating and chemical bath deposition (CBD) method.
This resulted in a nitrate sensor with sensitivities of 3.9 and 59.8 mV/dec and linearity of 0.92919
and 0.98414, respectively, at nitrate concentrations ranging from 0 to 100 ppm.

Several materials are capable of detecting nitrates, including metal oxide, conductive polymer,
gold, and nanoparticles. Among these materials, zinc oxide (ZnO) is considered to be one of the best
options due to its biocompatibility and ease of fabrication of nanostructures [15], which provide a high
surface-to-volume ratio and fast electron communication, resulting in excellent sensing performan-
ce [16-18]. However, ZnO has low stability in detection since its detection can be interfered with by
other substances, such as water [19,20]. Therefore, a polymer layer is needed to improve the
performance of ZnO detection [21-23].

Polyaniline (PANI) is a polymer membrane that has excellent properties for electrical applications,
such as high conductivity polymer and electrical activity, which can enhance the performance of
sensors [24,25]. Due to its properties, PANI offers excellent environmental stability and is easy to
fabricate. It can also be easily doped with various acids and dopants. PANI can behave as both
hydrophilic and hydrophobic, which affects its response to the wettability of the liquid and solid
surfaces [26]. Therefore, PANI shows potential in nitrate application. For example, Kamarozaman et
al. [27] fabricated bilayer PANI-TiO, sensors using the spin coating method, resulting in a sensitivity of
19.6 mV/dec, linearity of 0.8972 in nitrate concentration from 10 to 30 ppm, and long stability in
response. The dip coating method is a widely used for applying films or coatings onto substrates. This
process involves several parameters that control the thickness of the coating layer [28,29]. The
thickness of the layer can influence the functionality of sensors as it alters the amount of composition
on the surface of the film [30].

Table 1 compares potentiometric nitrate sensor sensing electrodes using different polymer
membranes and sensing materials. Most works utilize spin coating as the fabrication technique,
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while this work employs dip coating. Among the studies, those using spin-coated membranes exhibit
low sensitivity, with detection ranges mostly spanning lower nitrate concentrations, which contrasts
with this work that uses a dip-coated PANI/ZnO film, achieving the highest sensitivity and operating
in a higher concentration range, indicating improved response for elevated nitrate levels.

Table 1. Comparison of polymer membrane layer, sensing material and sensitivity for potentiometric nitrate
sensor (reference electrode Ag/Cl)

Fabrication . . Sensitivity, Range of nitrate solution
Polymer membrane Sensing material . Ref.
method mV/dec concentration, ppm
Spin coating  Polyvinylpyrrolidone Zinc oxide 38.90 0-100 [14]
Spin coating  Polyvinylpyrrolidone Tantalum pentoxide  24.40 0-100 [11]
Spin coating PANI Titanium dioxide 19.60 10-30 [27]
Dip coating PANI Zinc oxide 78.90 50 - 250 This work

The goal of this work is to enhance the sensitivity of the ZnO/ITO film, consisting of a ZnO layer
deposited on an indium tin oxide (ITO) substrate as SE for detecting nitrate ions. This was achieved
by adding a PANI layer using the dip coating method while varying the withdrawal speed from 1 to
7 mm/s. The study focused on comparing the sensing performance of the ZnO/ITO film with the
PANI/ZnO bilayer film for detecting nitrate ions. All samples were tested for nitrate sensing
capabilities, sensitivity, and response time using an EGFET measurement setup.

Experimental

Dip coating method

The polymer studied is PANI, which was prepared for 30 mL by mixing 0.4 g of 0.02 mol/L molarity
PANI (emeraldine base) powder ([C6H4ANH]2[C6H4AN]2) with 29.6 mL of 99.8% N, N-Dimethylform-
amide (DMF), both chemical purchased from Sigma-Aldrich (St. Louis, United States). The mixture was
stirred at 350 rpm for 20 minutes using a magnetic stirrer to ensure proper dilution and then sonicated
at atemperature of 28 °C for 30 minutes using an ultrasonic bath. Finally, the mixture was stirred again
at 350 rpm for an additional hour. The PANI solution was placed in a beaker, and the ZnO/ITO film,
fabricated through spin coating at 3000 rpm for uniform spreading, was clamped onto the dip coater
arm for deposition before drying at 150 °C for 10 minutes. The dip coating process was carried out
with constant parameters of down speed, 20 mm/s, dipping time, 15 s, and varied parameters of with-
drawal speeds from 1 to 7 mm/s using dip coater (Ossila, Sheffield, UK). After that, the films were
dried on a hot plate at 100 °C for 10 minutes, as shown in Figure 1, and labelled as PANI/ZnO film.

Sensor characterization

SEM micrographs of surface morphology PANI/ZnO SE at various withdrawal speeds were
captured using the Scanning Electron Microscope (SEM) (DSM 982 Leo Gemini, CAE, United States)
with an operating voltage of 15 keV and a magnification of 10 to 20 k. Prior to SEM analysis, the
samples were platinum coated for 1 minute using a Auto Fine Coater (JFC-16000, JEOL, USA). The
optical absorbance spectra of the nanocomposite were obtained in the wavelength range of 200 to
800 nm using a UV-Vis-NIR spectrophotometer (Cary 5000 , Agilent, Carlifonia, United States). This
involved comparing the intensity of light passing through a layer with the intensity passing through
a blank layer. The hydrophilic properties of the polymer layer were measured using a contact angle
analyser (VCA Optima, Massachusetts, USA). The contact angle was determined by gently dropping
2 ul water droplets onto the surface at low speed.
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Figure 1. Dip coating method setup

Extended gate field effect transistor measurement

The sensitivity, linearity, and drift rate of PANI/ZnO film were measured silver/silver chloride
(Ag/AgCl) (RE-1B, Metrohm, USA) reference electrodes (RE) in aqueous solutions through the EGFET
measurement setup, as illustrated in Figure 2. The gate terminal of SE and Ag/AgCl RE has been
connected to the commercialised MOSFET BS170 (onsemi, USA) to form an EGFET structure and the
result of the drain current- reference voltage graph (/b - Vrer) generated through B1500A
Semiconductor Device Analyser (Keysight, California, USA). The gate terminal was connected to a
film as an extended gate, and Ag/AgCl (RE) was immersed in nitrate solutions with a concentration
at a range of 50 to 250 ppm. The sensitivity and linearity of the sensor were calculated from the
slope of the graph, the reference voltage against nitrate concentration on a log scale, where Vger for
each sample was collected from the Ib-Vgrer graph at 100 pA drain current for each nitrate
concentration sample. The drift rate of the sensor was obtained using a commercialised MOSFET
connected to the SE, while the drain and source terminals were connected to the readout integrated
circuit (ROIC). The sensors were immersed in a 50-ppm nitrate solution, and Vrer was read by a data
acquisition (DAQ) (Multifunction 1/O Device, National Instrument, Texas, USA) through a graph of
output voltage against time from 1 to 10 minutes.
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Figure 2. Sensitivity and linearity measurement setup
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Results and discussion

Scanning electron microscopy

The sensing electrode surface morphology significantly influences its sensing performance. Figure
3 shows an SEM image of a 5 mm/s withdrawal speed prepared PANI/ZnO electrode. The results
showed that the prepared bilayer of PANI/ZnO is not well-dispersed, which might contribute to the
non-uniform surface structure of the films. Areas of non-uniformity and grain aggregation possibly
result from the grafting or attachment of layers during the coating process. PANI exhibits a flaky-
shaped structure [31] and non-uniform surface structure, which may be due to the weak crystalline
structure and viscosity level of PANI to attach to the film during the dip coating process, while ZnO
shows aggregates of spherical structure since it has been embedded in the PANI matrix [32].
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Figure 3. SEM images of 5 mm/s PANI/ZnO film

UV-Vis spectrophotometer

To investigate the interaction of varying withdrawal speed coated PANI with ZnO, the UV-visible
absorption spectra were recorded and analysed. The UV-visible spectrum corresponding to ZnO/ITO
and PANI/ZnO films is shown in Figure 4.

0.6

ZnONTO ‘
fe= PANI/ZNO 1 mm/s|
e PANI/ZNO 2 mm/s|

PANI/ZnO 3 mm/s|
~~=PANI/ZnO 4 mm/s|

PANI/ZnO 5 mm/s

PANI/ZnO 6 mm/s|
f=PANI/ZnO 7 mm/s|

Absorbance, a.u.

-0.2

T T N T T T T T T T T T
200 300 400 500 600 700 800
Wavelenght, nm
Figure 4. Absorption spectra for ZnO/ITO film and PANI/ZnO films at different withdrawal speeds
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The film began transmitting at 300 nm and continued until 800 nm, when the plotted graph
started to bend. The absorption peak of the ZnO/ITO film was at its lowest absorbance level,
measuring 0.2455 a.u. at 320 nm, compared to the PANI/ZnO film, which had an additional polymer
layer on top of the ZnO layer.

The absorption peak of the ZnO/ITO film was recorded as the lowest absorbance level,
0.2455 a.u. at 320 nm, compared to the PANI/ZnO film. This is due to the additional polymer layer
on top of the ZnO layer. The PANI/ZnO film, with different withdrawal speeds of PANI, shows that
at 7 mm/s, the highest absorbance at 0.5203 a.u. is achieved, followed by 6, 5, 4, 3, 2 and 1 mm/s,
at 0.4932, 0.4322, 0.3939, 0.3730, 0.3510 and 0.2802 a.u., respectively, at the wavelength range of
300 to 400 nm. This is due to the additional layer of polymer on top of the ZnO layer, and the
increase of the absorption peak is directly proportional to the withdrawal speed of dip coating. The
absorbance spectra result from observing the intensity of light travelling through a layer compared
to the intensity of light passing through a blank layer [33], which can be analysed through the
changing thickness layer of the film.

Varying withdrawal speed will control the thickness layer, wherein this project PANI has been
fabricated with withdrawal speed at a range of 1 to 7 mm/s. The film’s thickness increased as the
withdrawal speed increased due to the parabolic relationship between the viscosity of the PANI
liguid and the rate at which the substrate was withdrawn [34]. If the coated solution has low
viscosity, it will flow easily, resulting in fewer chemical elements being attached to the surface of
the film during low withdrawal speeds, affecting the thickness of the layer.

Contact angle

The behaviour of films has been analysed through polymer layer response toward water contact.
Films have been tested on contact angle through water layer testing. This analysis is critical to better
understand the performance of film as WE. The wettability of a surface is an important factor in
determining sensor interaction with its environment. The contact angle of the water droplet on the
surface of the sample provides a measurement of this wettability. A high contact angle, & <90°,
indicates that the surface is hydrophobic, meaning it repels water, whereas a low contact angle,
0>90°, indicates that the surface is hydrophilic, meaning it attracts water [35,36]. The behaviour of
each sample is observed based on the wettability corresponding to dropping water droplets on the
surface of the sample and measuring the angle of the water droplet.

The contact angle of the ZnO/ITO film was tested to compare the wettability behaviour of surface
films when a polymer layer has been added. The ZnO/ITO film contact angle test resulted in an angle
of 31.90°. The PANI/ZnO films had a higher angle than ZnO/ITO, as shown in Figure 5, since ZnO lacks
an affinity to water. The PANI/ZnO film for 7 mm/s withdrawal speeds of PANI showed the highest
contact angle at 110.40°, followed by 6, 5, 4, 3, 2 and 1 mm/s, which were 108.50° at 1 minute, and
the angle continues decreasing for 5 minutes for each film. Increasing the withdrawal speed will
lead to a stronger bonding of the polymer layer on the ZnO surface. Additionally, PANI can exhibit
both hydrophilic and hydrophobic properties, depending on the amount of composite attachment
in the film, which influences the thickness of the coated layer [37]. A decrease in withdrawal speed
will result in a hydrophobic behaviour of the polymer layer, while an increase in withdrawal speed
will result in a hydrophilic behaviour [38,39].
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Figure 5. Contact angles on the surface of PANI/ZnO film fabricated with different withdrawal speeds
Sensor performance

The sensitivity and linearity of the SE were determined by analysing the current-voltage charac-
teristics of the EGFET nitrate sensor. The reference electrode voltage ranged from 0 to 3 V, and the
sensing electrode was measured in a nitrate solution with a concentration range of 50 to 250 ppm.
The result is plotted to Vrer against nitrate concentration represented as a logarithmic unit (log cnos
), and then the sensitivity and linearity are determined based on the slope of the graph. The linearity
value indicates the stability of sensor response follows a straight-line relationship with the logarithm
of ion concentration, ensuring consistent and predictable performance. Figure 6 shows the
correlation between Vger and nitrate concentrations for ZnO/ITO films and PANI/ZnO films with
different withdrawal speeds.

The summary of sensitivity, linearity, and drift rate results for films involving ZnO/ITO and
PANI/ZnO at different withdrawal speeds has been organized in Table 2. The sensitivity of ZnO/ITO
films was 137.80 mV/dec with linearity 0.5915, respectively (as shown in Figure 6a). These results
indicate that the super-Nernstian nitrate response is sensitive over the Nernst response limit at
room temperature, 60 mV/dec [40], and linearity is not close to one. Therefore, PANI was added to
form a bilayer PANI/ZnO film to improve sensor performance. PANI/ZnO films at a withdrawal range
of 1 to 7 mm/s sensitivity result in a super-Nernstian response; sensitivity increases as the
withdrawal speed increases, as shown in Figure 6 (a-h). For this case, super-Nernstian response
forms due to the protonation and deprotonation of PANI amine and imine groups. This leads to
changes in their electrical conductivity, as PANI is a conductive polymer. This behavior causes a
sensor using PANI to respond more strongly to changes in ion concentration [41]. All PANI/ZnO films
produced at a 2 mm/s withdrawal speed show the best performance with a super-Nernst response
sensitivity of 78.90 mV/dec and a linearity close to 1, specifically 0.9744.

The drift effect symbolizes the enduring stability of electrochemical sensors. In Figure 7, the drift
curves of the ZnO/ITO film and PANI/ZnO film are shown for withdrawal speeds ranging from 1 to
7 mm/s in 50 ppm nitrate solutions over 10 minutes. The drift rate is calculated as the change in the
reference voltage (AVger), which is defined as AVger = Vrert - Vrer 8, where tis the final time and @is
the initial time of the drift measurement.
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The drift property is compared by calculating the drift rate (AVkrer/h), where h represents the final
time of the measurement in hours [27]. The drift rate of the device is shown in Table 1, with the
PANI/ZnO at 2 mm/s withdrawal speed resulting in the lowest drift rate and being the most stable
film working as an electrode for the nitrate EGFET sensor.
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Figure 7. Drift characteristics of ZnO/ITO film and PANI/ZnO films at different withdrawal speeds

Table 2. Summary performance of ZnO/ITO film and PANI/ZnO films at different withdrawal speed thought
EGFET measurement setup

Withdrawal speed of PANI fabrication layer,mm/s

Film Zno 1 2 3 4 5 6 7
Sensitivity, mV/dec 13780 6670 7890 94.60 107.60 154.40 202.10 211.50
Linearity 05915 0.8936 09744 09569 0.9513 0.9602 09029 0.9373
Drift rate, V/h 05256 1.0056 0.1278 05802 0.1314 1.0758 1.5396 0.7434

Conclusions

The study examined a highly sensitive and stable PANI/ZnO film as a nitrate EGFET sensor. The
nitrate EGFET sensing performance of ZnO/ITO and the varying withdrawal speed of PANI/ZnO films
as the SEs were studied. The physical properties of the samples were tested to observe the
behaviour and structure of PANI as a polymer layer of the film by varying the withdrawal speed,
which can control the thickness of the layer and improve the film for nitrate sensing. In terms of
performance, the samples were tested in 50 to 250 ppm nitrate solutions to observe sensitivity and
linearity, where the best results were obtained for a withdrawal speed of 2 mm/s. The sensitivity
and linearity result for 2 mm/s withdrawal speed show the super-Nernstian response and linearity
close to 1. The PANI/ZnO film has shown the lowest drift rate at a withdrawal speed of 2 mm/s,
indicating its strong structure and ability to react rapidly with analytes over extended periods. In
conclusion, the successful use of the dip coating method to fabricate PANI, with a withdrawal speed
parameter set at 2 mm/s, highlights its potential as a highly effective polymer layer for ZnO-based
(ZnO/ITO) EGFET nitrate sensors.
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