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Abstract— This work presents a flexible and disposable nitrogen dioxide (NO2) gas sensor based on Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), operating at room temperature (RT). The gas sensing
layer, composed of PEDOT:PSS, is deposited on interdigitated electrodes (IDEs) made from graphene-carbon ink, which
are screen printed onto a paper substrate using the drop casting method. The FTIR and SEM analysis are carried out to
understand the successful deposition and surface morphology analysis of the sensing layer. The NO2z sensing properties
are explored in the range 0.5 ppm to 50 ppm at room temperature (27 °C + 2 °C). The sensor displays significant %
response viz. 0.79 % to 12.97 % in the measured range 0.5 ppm to 50 ppm. Other important sensing characteristics like
response and recovery times (210 s/ 60 s at 0.5 ppm), repeatability, reproducibility along with sensing mechanism are
also presented. The findings of this study suggest that the developed sensor holds promise for various application areas.

Index Terms—Disposable NO, sensor; eco-friendly; flexible electronics; gas sensing; PEDOT:PSS.

I.  INTRODUCTION

Nitrogen dioxide (NOz) is one of the toxic and harmful gas,
commonly released from burning of fossil fuels, vehicles, and
automotive industries [1, 2]. It is also considered as a main air
pollutant, which contributes to acid rain formation, photochemical
smog and detrimental to human health [3]. Along with this, exhaled
nitric oxide (NO; NO is oxidized to NO) is considered as a potential
biomarker for detection of lung diseases including asthma [4].
Therefore, its detection is vital for healthcare sector as well. Further,
prolonged exposure to NO2z can cause mild irritation to nose, eyes,
nose, and throat, and can leads to respiratory failure and even causes
death [2, 5]. Therefore, it is of utmost importance to develop a high
performance, user-friendly, cost effective and portable NO2 sensor for
its possible applicability to diverse application areas including
healthcare, environmental monitoring, automotive industry etc.
Although a wide variety of sensors/materials including metal oxides,
2D material and conducting polymers have been reported for NO2
detection operating at different conditions [1, 5-11]. Most of these
sensors are using non eco-friendly sensing materials and/or, substrates
and/or, electrodes contributing towards growing electronic waste issue
[12]. Therefore, there is necessity to come up with environmentally
friendly sensing solutions by developing a disposable sensor for NO2
detection along with other important features like good sensing
performance, facile, economical, resource-efficient, and flexible
Sensor.

In this work, we demonstrate a RT operated NO2 sensor using
PEDOT:PSS sensing layer drop casted on graphene-carbon IDEs
printed on a paper substrate. The choice of gas sensing material is due
to its environment-friendly and biocompatible nature, good thermal
stability, easy processing, and compatibility towards solution-based
processes [13, 14]. Further, choice of paper as a substrate is due to its
disposability, recyclability, and widespread availability. The NO2
sensing properties are investigated in the range 0.5-50 ppm at RT and
the sensor exhibited significant sensing performance. The results
indicate that the developed sensor hold promise for numerous

Corresponding author: Ajay Beniwal (ajay.beniwal@glasgow.ac.uk).

application areas, like healthcare, environmental monitoring, and
automotive industry.

This paper is organised as follows: Section Il presents the details
of the materials used, sensor fabrication process and gas sensing set-
up. The material characterisation and gas sensing results are discussed
in Section 111 and conclusions are described in Section 1V.

IIl. MATERIALS AND METHODS

A. Materials and Sensor Fabrication

Graphene-carbon ink (C2171023D1: Graphene Carbon Ink:BG04,
Sun Chemical), PEDOT:PSS (PH 1000, Ossila) and paper/substrate
(matt double sided photopaper) were used for sensor development.
The IDEs were printed using Screen Stencil Printer C920 from
AUREL Automation. The complete fabrication and modification
using PEDOT:PSS were done based on our previous work [15].

B. Gas Sensing Set-up and Sensor Characterisations

The fabricated sensor was characterised using Fourier-transform
infrared spectroscopy (FTIR) and scanning electron microscopy
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Fig. 1 Schematic illustration of gas sensing set-up.
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Fig. 2 (a) PEDOT:PSS based sensor developed on graphene-carbon interdigitated electrodes screen-printed on paper substrate. (b) SEM image
of the PEDOT:PSS based sensing layer at 20 pm scale. (c) FTIR analysis of the developed sensor. (d) Contact angle measurement of the sensing

layer. (e) |-V characterization of the developed sensor.

(SEM). For device characterisation, a controlled environment gas
sensing chamber equipped with a sample holder was utilized (as
shown in Fig. 1). The current-voltage (I-V) characteristics were
recorded using a Keysight B2901B source meter. All gas sensing
measurements were conducted within the closed controlled
environmental chamber, at RT and humidity conditions below 5%
relative humidity.

Ill. RESULTS AND DISCUSSION

A. Material Characterisation

The PEDOT:PSS-based sensor, which was developed on screen
printed graphene-carbon interdigitated electrodes is shown in Fig. 2(a).
To examine the surface morphological characteristics of the sensing
layer, SEM analysis was employed. The SEM image of the sensing
layer, at a scale of 20 um, as shown in Fig. 2(b), reveals a rough surface
morphology of the drop-casted PEDOT:PSS layer, which could be
advantageous for room temperature operation. Furthermore, the
deposited sensing layer on IDEs was subjected to FTIR analysis and
the results are illustrated in Fig. 2(c). The infrared spectra display all
the notable peaks in PEDOT:PSS and confirm the successful
deposition of the sensing layer. The peak at 1340 cm ! is attributed to
C=0 stretching and similarly other peaks at 1180 cm™, 1120 cm™* and
1040 cm™ can be attributed to C-O-C bond vibrations. Moreover, the
major stretching around 1120 cm™, and 860 cm ™ are the bands linked
with the sulfur bonds (C-S) of the thiophene ring in the PEDOT:PSS.
For instance, the peaks for the sulfonic acid group (S = O) of the PSS
chain are observed near 1400 cm ! and the O-S-O signal at 1010 cm ™!
[16, 17].

The hydrophilic nature of the sensing surface was evaluated using
the sessile drop method for contact angle measurement. This analysis
provides insights into the impact of humidity interference on the gas
sensing characteristics, as PEDOT:PSS based sensor developed using
the same route has already been investigated for the humidity sensing
purpose in our previous work [15]. The contact angle measured for the

droplet on the sensing layer surface is around 57.4° (Fig 2 (d)). Contact
angle being lower than <90° shows the hydrophilic nature of the
surface. Lesser the value of the angle to 90° higher is the
hydrophilicity. In this case, the sensor surface shows a moderate
hydrophilicity of the sensing layer. Fig. 2(e) shows the excellent I-V
characteristics of the sensor displaying a linear line crossing through
the origin. Thus, indicating the formation of a good ohmic contact [18].

B. Sensing Analysis

The chemiresistive sensing behaviour of the fabricated sensor is
examined towards NOz gas. The sensing characteristics were evaluated
within the sensing range of 0.5 ppm to 50 ppm, at room temperature
operating conditions. The change in resistance behaviour of the sensor
towards NOz detection is represented in the form of % response vs time
graph in Fig. 3(a). The % response is mathematically defined as (AR *
100) / Ro, where AR is calculated as Rg— Rb; Rq is the resistance of the
sensor in the presence of target gas and Ry is the baseline resistance.
The sensor exhibited distinguishable response even at extremely low
concentration viz. 0.5 ppm of NO2. The sensor is approved to
appropriately work at room temperature (without any heating
element), which is advantageous from power consumption perspective
along with eliminating the need of additional complex circuitry. Room
temperature operated sensors are also a great fit and highly desirable
in explosive/flammable environments and portable sensing systems.
Subsequently, the individual response (as shown in Fig. 3a) at each
concentration i.e., 0.5 ppm, 1 ppm, 10 ppm and 50 ppm are further
examined. The % response vs concentration graph is shown in the Fig.
3(b). The obtained results indicate % responses of around 0.79 %, 1.14
%, 3.86 % and 12.97 % for NO2 gas with concentration of around 0.5
ppm, 1 ppm, 10 ppm and 50 ppm, respectively. The gas sensing
response depicts a nearly linear behaviour having a linear fit Adj. R-
Square of 0.99495.

Fig. 3(c) illustrates the response and recovery times of the sensor
at 10 ppm NO:2 concentrations. The response time is analysed as the
time taken by the sensor to reach 90% of the stable % response value,
while the recovery time is returning to its initial value after removing
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Fig. 3. NO; sensing properties of PEDOT:PSS based sensor in concentration range 0.5 ppm to 50 ppm: (a) % Response vs time graph with gas
on/off cycles. (b) % Response vs concentration graph. (c) Response and recovery time analysis at 10 ppm of NO, concentration. (d) Response and

recovery times for 0.5-50 ppm. (e) Cyclic repeatability analysis.

the target gas and reaching 10%. The response and recovery times are
observed as 300 sec and 80 sec, respectively as shown in Fig. 3(c).
Further, Fig. 3(d) shows that the response/recovery times are found to
be approximately 210 s/60 s, 207 s/ 75 s, and 635 s / 107 s, for 0.5
ppm, 1 ppm, and 50 ppm, respectively. The response and recovery
times are slightly sluggish which may be due to RT operation of the
sensor. Furthermore, we also investigated the repeatability of the
sensing characteristics towards NO:z detection at 50 ppm. The
measurement results as shown in the Fig. 3(e), indicate that the sensor
has repeatable sensing characteristics. However, post analysing the
repeatability of the sensor at 50 ppm, when the sensor is exposed to a
higher concentration, there is no significant change in the sensing
response is obtained. This could be ascribed either to saturation of the
sensing layer or due to blocked adsorption sites on the sensing surface.
Moreover, the reproducibility analysis is also carried out by fabricating
the replica sensor and comparing the NO2 sensing performance (at 0.5
ppm) with the original sensor. The % response for replica sensor is
observed as 0.845 %, which is comparable with the original sensor
response i.e., 0.79 % at 0.5 ppm. The marginal error is observed as

6.96%. The obtained results suggest sensor’s reproducible
performance towards NOz detection. The experimental results indicate
sensor’s suitability for multiple application areas viz. healthcare,
environmental and industrial sectors.

Table 1 benchmarks our developed sensor with the literature
studies based on pristine or doped/composite of PEDOT:PSS. The
comparative analysis clearly shows that our work provides merits over
the background reports considering disposability and flexibility as a
viable option along with the reasonable NO2 sensing performance.

C. Sensing Mechanism

The fabricated sensor coated with a PEDOT:PSS film shows
effective detectability of NO.. The sensing mechanism could be
ascribed as: PEDOT:PSS based sensing layer provides enough surface
area and active sites for the gas molecules to interact and physiosorbed
on the surface. The FTIR spectra displayed the different functional
groups present and validating the influence of the active sites present
on the surface of the sensor.

Table 1: Performance benchmarking of our developed sensor with existing PEDOT:PSS based NO, sensors

Material Composition Fabrication Route  Operating  Sensing Disposability ~ Substrate Flexibility  Ref.
Temp Range

Doped PEDOT:PSS Ink-jet printing RT 10 ppm No Silicon No 9

PEDOT-PSS/TIO2 Electrospinning RT 10 - 130 ppb No Silicon No 10

nanofibres technology

GO-PEDOT:PSS Drop casted RT 5-100 ppm No Langasite No 5

nanocomposite (LGS)

WOs-PEDOT:PSS Gravure-printed RT 50 - 200 ppb No Polyimide  Yes 1

nanocomposites

PEDOT:PSS/ Ti3C2TX spin-coating and RT 400 - 1000 No AIZO3 No 11

(MXene)/ZnO composites ~ drop casting ppb Ceramic

PEDOT:PSS on printed Screen Printing RT 0.5 - 50 ppm Yes Paper Yes This

graphene-carbon IDEs and Drop Casting Work
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Fig. 4 Schematic illustration of sensing mechanism.

In addition, the resistance of the sensor increased with the increase
in concentration of the gas and the resistance lowered to its baseline
when dry air was flushed into the system. The role of PEDOT:PSS in
the sensing process can be explained through several plausible
explanations [5, 19-21]. One explanation is the direct charge transfer
between the NO2 gas molecules and the sensing surface of the sensor.
The PEDOT:PSS surface adsorbs NO2 gas molecules, resulting in the
transfer of charges between the conductive film and NO2 gas
molecules. The & electrons present in the sensing film (PEDOT:PSS)
alter the charge transfer occurred by NO2 molecules. This causes the
formation of the neutral backbone of the polymeric chain by the
reduced amount of charge carriers which subsequently leads to the
reduction in the electrical conductivity.

Another plausible explanation of the increase in the resistance
measured could be the diffusion of the gas molecules within the
polymer matrix. The PEDOT:PSS film has an interesting structure,
with each PSS chain electrostatically interacting with several shorter
PEDOT chains. The shorter distance between the chain molecules
promotes charge carriers hopping between the PEDOT chains. The
physisorption of the gas molecules hinders the movement of the charge
carriers between these shorter distances, thus, increasing the resistance
with the increase in the concentration of NO2 gas.

Another aspect observed in the repeatability study is that once the
sensor is used, it shows insignificant further change in resistance after
being exposed to higher concentration. This could be predicated to the
notion of interaction of gas molecules with the active sites, and once
these interactions are formed, the changes observed are minimalistic.

IV. CONCLUSION

In the present work, a flexible and disposable NO2 sensor based on
PEDOT:PSS is reported. The sensing layer is developed by drop
casting PEDOT:PSS on IDEs structure printed on paper substrate. The
successful deposition and surface morphology analysis of the sensing
layer are examined using FTIR and SEM, respectively. The gas
sensing properties are investigated in sensing range from 0.5 ppm to
50 ppm. The sensor displays substantial % response of 12.97 % at 50
ppm. The response and recovery times, repeatability and
reproducibility analysis are also investigated, and the possible sensing
mechanisms are presented. Further, a tabular comparative analysis of
this work with the background studies is also discussed. The findings
of this study demonstrate the sensor's potential for various
applications, including healthcare, environmental monitoring, and the
automotive industry. However, for such applications analysing the
impact of humidity variations on target/NO: sensing performance is
crucial and need further experimental studies.
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