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This work presents a highly sensitive, economical, flexible, and disposable humidity sensor developed with
a facile fabrication process. The sensor was fabricated on cellulose paper using polyemaraldine salt, a form
of polyaniline (PAni), via the drop coating method. A three-electrode configuration was employed to ensure
high accuracy and precision. The PAni film was characterized using various techniques including ultraviolet-
visible (UV-vis) absorption spectroscopy, Fourier transform infrared spectroscopy (FTIR), X-ray diffraction
(XRD) and scanning electron microscopy (SEM). The humidity sensing properties were evaluated through
electrochemical impedance spectroscopy (EIS) in a controlled environment. The sensor exhibits a linear
response with R? = 0.990 for impedance over a wide range of (0%-97%) relative humidity (RH). Further,
it displayed consistent responsiveness, a sensitivity of 1.1701 Q/%RH, acceptable response (=220 s)/
recovery (=150 s), excellent repeatability, low hysteresis (=2.1%) and long-term stability at room

temperature. The temperature dependence of the sensing material was also studied. Due to its unique
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Accepted 14th February 2023 features, cellulose paper was found to be an effective alternative to conventional sensor substrates
according to several factors including compatibility with the PAni layer, flexibility and low cost. These

DOI: 10.1039/d3ra00009e unique characteristics make this sensor a promising option for use in specific healthcare monitoring,
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1. Introduction

Researchers and scientists have conducted numerous experi-
mental works to investigate humidity sensors with better
response/recovery, high sensitivity, ease of fabrication, stability
and efficiency."” Humidity is a critical factor in fields such as
manufacturing and storage processes in industries, agriculture,
climatology, medical and domestic applications.>® Therefore,
various types of humidity sensors have been developed using
different fabrication technologies, sensing materials and
sensing mechanisms.*® Among these humidity sensors, the
sensors that are made using conducting polymers as sensing
material (organic polymer type) are very special due to easy
preparation, low fabrication cost, high sensitivity and short
response time.'>"*

These types of polymers are referred to as intrinsically con-
ducting or electroactive conjugated polymers. Conducting
polymers have a m-electron backbone, which accounts for their
electronic properties. These structural characteristics caused to
have special properties in conducting polymers such as
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research activities, and industrial settings as a flexible and disposable humidity measurement tool.

electrical conductivity, low energy optical transitions, low ioni-
zation potentials and high electron affinity.">**

Organic polymer-type humidity sensors consist of an electrode
pair on an insulating substrate and a layer of the polymer film in
contact with electrodes.'®** When water molecules are absorbed
by the upper layer of sensing material/conducting polymer,
resistivity between electrodes changes and it can be measured
using an electronic circuit/device as a physical signal such as
conductivity, impedance and current of the sensor."®" As a result
of the interaction between the water molecules and the nitrogen
centers of the polymer backbone, hydrogen bond formation
occurs. This process increases the conductivity of the material.®

In these organic polymer-type humidity sensors conducting
polymers with hydrophilic properties are used as the sensing
material.* PAni is one of the conducting polymers used in
humidity sensors. It is a polymer characterized with high
stability, ease of fabrication, acid-base properties and redox
activity.**>'®” PAni is a mixed oxidation state polymer.*® It has
three different oxidation states.' These are leucoemeraldine,
emeraldine and pernigraniline. This classification is done
based on the amine to imine ratio. Among these three states,
the fully reduced state is leucoemeraldine which is the PAni
chain consisting of linked imine. The fully oxidized state is
pernigraniline and it contains amine. The emeraldine form is
neutral (amine:imine ratio = 0.5) and due to possessing

© 2023 The Author(s). Published by the Royal Society of Chemistry
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electrical conductivity and high stability at room temperature, it
is considered as the most useful form of PAni while the other
two forms are electrically insulating.”*** The basis of the water
sensitivity of PAni is the existence of oxidation states.’

Previous researchers have conducted studies on utilizing PAni
in humidity sensor fabrication. Kulkarni et al. employed PAni to
develop a flexible humidity sensor with inkjet print technology
which involved the synthesis of aqueous, PAni-based ink.** Liu
et al. developed a humidity sensor using PAni nanofibers.>
Machappa et al. developed a humidity sensor with PAni and the
inclusion of tungsten disulfide facilitated the absorption of water
molecules by augmenting the porous structure.”* Chani et al. also
reported a humidity sensor fabricated with PAni thin films on
a glass substrate, exhibiting a more uniform correlation between
humidity and impedance in comparison to capacitance.®

Majority of the humidity sensors require complex and costly
fabrication methods.® In contrast, this current work developed
a cost-effective sensor that requires miniscule quantities of
chemicals and paper as the sensor substrate. Moreover, a simple
technique was used for the fabrication process. Some applica-
tions require flexible humidity sensors, to be used in applications
such as skin-like electronics, wearable electronic systems and
robotic human-machine interfaces® while some other applica-
tions require low-cost, disposable humidity sensors for one-time
usability. The detection of body moisture/gathering body health
information in biomedical applications and extreme research
activities involving toxic substances including biological and
chemical warfare agent analysis are some examples. However, the
compatibility of this sensor in extreme environments is yet to be
analyzed. Therefore, this study focuses on finding a solution to
the above issues by developing an organic polymer-type humidity
sensor using cellulose paper as the sensor substrate for particu-
larly use where disposable and flexible humidity sensors are
required. The sensor repeatability, reversibility, hysteresis, long-
term stability, response-recovery time, and effects of tempera-
ture, ethanol vapor and CO, were investigated. Further, the effect
of sensor substrate for functionality of the sensor was studied.
Scanning electron microscopy (SEM) was used to examine the
morphology of the PAni film. X-ray diffraction (XRD), Fourier
transform infrared (FT-IR) spectroscopy and ultraviolet-visible
(Uv-vis) absorption spectroscopy were used to determine the
semicrystalline microstructure, chemical structure and oxidation
state of the synthesized PAni.

2. Experimental
2.1 Reagents and materials

All the reagents used were prepared from analytical grade
chemicals and all solutions were prepared in distilled water.
Aniline (=99.5%, Sigma Aldrich), sulphuric acid (=98%, Sigma
Aldrich) and potassium persulfate (=99%, Fluka) were used for
PAni synthesis.

Whatman® cellulose chromatography paper (material-
cellulose membrane sheets) was used for paper-based sensor
and transparent polyester (PET) film was used for transparent
sheet-based sensor. Graphite powder (200 pm) obtained from
Kahatagaha Graphite Lanka, Sri Lanka and commercially
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available varnish were used to fabricate carbon electrodes.
Silver conductive ink (CircuitWorks® Silver Conductive Pens)
was used to fabricate the reference electrode.

CaCl, anhydrous, granular (=93.0%, Merck), LiCl (=99.98%,
Sigma Aldrich), MgCl, (=98%, Sigma Aldrich), K,CO; (=99.0%,
Merck), Mg(NO;),-6H,O (=99.99%, Sigma Aldrich), NaCl
(=99.5%, Sigma Aldrich), KCI (=99.0%, Sigma Aldrich), KNO3
(=99.0%, Sigma Aldrich), K,SO, (=99.0%, Fluka) were used to
prepare saturated salt solutions.

2.2 Instrumentation

An oven (Memmert, Germany) capable of maintaining temper-
ature of 105 = 5 °C was used to anneal the sensor. A portable
conductivity meter (WPA model CM35) was used to take
conductance measurements of the sensor at different humidity
environments. A multimeter (Sanwa - cd800a, Japan) was used
to measure resistance of carbon electrodes. Electrochemical
impedance spectroscopy (EIS) studies were performed using
ZIVE SP5 workstation (WonTech, Korea). PAni characterization
was done using UV-vis spectrophotometer (Thermo Scientific -
GENESYS 180), FT-IR spectrophotometer (PerkinElmer - Spec-
trum Two), Scanning Electron Microscope (Zeiss evo 1s 15), X-
ray powder diffractometer (Rigaku SmartLab).

2.3 Fabrication of the sensor

Graphite powder and varnish (1:1) thick paste was used to
fabricate two carbon electrodes on the chromatography paper.
Aniline (0.1 M) solution was prepared and it was acidified with
few drops of H,SO, acid. K,S,05 (0.1 M) solution was prepared as
the chemical oxidant. An equal amount of monomer and the
oxidant were added dropwise on to the chromatography paper
strip which has pre-deposited carbon electrodes and allowed
polymerization to take place. This process was continued several
times within 30 minutes intervals until the green coloured
emeraldine form of PAni was formed. After keeping fabricated
sensor at room temperature for few hours to dry, the sensor was
annealed at 100 °C in an oven for 1 hour. Silver conductive ink
was used to fabricate the pseudo reference electrode.

2.4 Characterization of PAni film

2.4.1 Ultraviolet-visible spectroscopy. The oxidation state
of synthesised PAni film was determined using UV-vis absorp-
tion spectroscopy. PAni film was deposited on a quartz slide,
applying the same conditions as in sensor preparation. Then
the UV-vis absorption spectrum was collected in the wavelength
range of 260-1000 nm at room temperature.

2.4.2 FTIR spectroscopic measurements. The Attenuated
Total Reflection Fourier transform infrared (ATR FTIR) spectra
of chromatography paper, sensor equilibrated at 0%, 75% and
97% RH levels were recorded. The wavelength range of the
spectra was 600-3800 cm ™.

2.4.3 Scanning electron microscopy characterization. PAni
film morphology was studied using Scanning electron micro-
scope. Scanning electron micrograph was obtained at an
accelerating voltage of 20 kV. The PAni film was gold sputtered
before SEM analysis.

RSC Adv, 2023, 13, 6396-6411 | 6397
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2.4.4 XRD characterization. XRD analysis was carried out
using Cu Ka radiation (A = 0.154 nm) over a 26 range of 10-70°
with a step size of 0.02° and a step time of 1 s.

2.5 Evaluation of humidity sensing performances

EIS and conductivity studies of the sensor were performed by
keeping the sensor in humidity-controlled chambers at room
temperature (30 °C). Saturated salt solutions were used to
generate the controlled humidity environments. In controlled
humidity systems, a saturated salt solution is equilibrated with
water vapor to get the required water vapor pressure.**” The
humidity series consisted of nine humidity chambers with nine
different relative humidity (RH) levels. Every humidity chamber
contains a different saturated salt solution as well as a vapor phase
that has a specific RH value. Humidity chambers were prepared in
identical glass bottles with airtight caps. The nine saturated salt
solutions used in the series and their corresponding RH values are
dry CaCl, (0%), LiC (11%), MgCl, (32%), K,CO; (43%), Mg(NO;),
(51%), NaCl (75%), KCI (84%), KNO; (92%), K,S0, (97%).>

2.5.1 Conductivity measurements of the sensor. The
conductivity of the sensor at nine different RH levels were
measured using a portable conductivity meter. Prior to take
measurements, the sensor was kept at the particular RH level
allowing it to reach the equilibrium between sensor surface and
water vapor.

2.5.2 Measurement of electrochemical impedances. EIS
responses for entire humidity series were collected keeping the
sensor at each RH level in the frequency range of 1 Hz to 1 MHz,
with amplitude potential of 10 mvV. The electrochemical
impedance spectra were collected under 0 V biased potential
against the pseudo-reference electrode.

2.5.3 Temperature effect on the sensor. Electrochemical
impedance spectra at room temperature were collected in the
presence and absence of N, gas. Further, electrochemical
impedance spectra at 40 °C, 50 °C, 60 °C, 70 °C, 80 °C, 90 °C,
100 °C, 110 °C, 120 °C, 130 °C and 135 °C were obtained after
flowing a constant flow of N, gas through the sensor chamber
for 15 minutes.

2.5.4 Determination of humidity sensing parameters. The
selectivity of the sensor was studied against ethanol vapor (a
polar interfering VOCs gas) and CO, (an inorganic interfering
gas). Electrochemical impedance spectra were collected at
different RH levels in the presence and absence of these gases
and responses were compared. A test tube with a few drops of
absolute ethanol was placed inside the humidity chamber to
produce ethanol vapor and CO, gas was evolved within
humidity chambers by reacting CaCO; and HCl. Long term
stability of the sensor was studied measuring impedance of the
sensor at 0%, 75% and 97% RH levels once every 5 days
throughout one-month period.

3. Results and discussion
3.1 Structural characteristics

3.1.1 Chemical structure of PAni film. The presence of
conducting state of PAni, the polyemaraldine salt can be
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Fig.1 UV-vis absorption spectrum of PAni film.

detected using absorption spectroscopy.** The UV-vis absorp-
tion spectrum of PAni film is shown in Fig. 1. Three charac-
teristic peaks can be observed in the absorption spectrum:
~350 nm, ~416 nm, and ~838 nm. The w-7* electron transi-
tion of benzenoid rings was represented by the absorption peak
at ~350 nm.**** The absorption peaks observed in the visible
region at ~416 nm and ~838 nm correspond to the polaron
state transitions assigned to m-polaron and polaron-m¥*,
respectively.®®** These two peaks indicate the presence of
conductive salt form of PAni.*

The PAni film was spectroscopically characterized using
FTIR. The FTIR analysis of chromatography paper and paper-
based PAni humidity sensor at 0%, 75% and 97% RH levels
were conducted to identify changes that occur due to water
vapor absorption. Fig. 2 shows the FTIR spectrums of PAni film
at RH 0%, RH 75% and RH 97% within 600-1700 cm™* which
contains the characteristic bands of PAni. The peaks that
appeared at around 1568 cm ' and 1482 cm ! correspond to
C=C stretching vibrations of quinoid and benzenoid rings,
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Fig. 2 FTIR spectrums of PAni film at RH 0%, RH 75% and RH 97%.
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Fig. 3 FTIR spectrums of chromatography paper and PAni film at RH
0%, RH 75%, RH 97% (from 3750 cm~* to 1700 cm™?).

respectively. The peak around 1300 cm™*

C-N stretching vibrations.*33-3¢

The aromatic C-H in-plane vibrations are usually observed
in the region of 1010-1170 em™" as well as C-H out-of-plane
vibrations are recorded in the region of 800-880 cm™*.>** The
peak observed at around 1232 cm ™' corresponds to the C-N*
stretching vibrations in the polaron structure which is charac-
teristic of the emaraldine salt, the conducting protonated form
of PAni. The 1147 cm™" band is assigned to -NH"'= stretching

corresponds to the
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vibrations.** The formation of -NH'= groups occurs as a result
of protonation. This reveals the extent of electron delocalization
as well as the characteristics of its electrical conductivity. The
peak observed at 695 cm™ " corresponds to the S-O stretching
vibrations and the peak at 630 em™" is for the C-S stretching-
vibrations.*®> These modifications are associated with the
product transformation from pernigraniline to emeraldine due
to protonation by sulphuric acid.*”

Fig. 3 shows the FTIR spectrums of PAni film at RH 0%, RH
75%, RH 97% and chromatography paper in 1600-3800 cm ™"
range. As shown in Fig. 3, when the sensor was exposed to water
vapor, characteristic broad peak of water appeared around
3271 cm™ " It can also be observed that the peak area of these
peaks increased as humidity increased. This observation can be
attributed to the increase of absorbed water molecule concen-
tration in PAni film with increasing humidity. Another
distinctive water peak appeared 1642 cm™'.>” The broad peak
observed in the IR spectrum of chromatography paper at
3272 em™ " corresponds to the OH groups present in the cellu-
lose structure.*® FTIR and UV-vis spectra confirmed that the
chemical structure of the PAni film is conductive poly-
emaraldine salt.

3.1.2 Morphology. PAni film deposited on paper was ana-
lysed and surface morphologically characterized by SEM. The
SEM picture of PAni film with low and high magnifications are
shown in Fig. 4(a) and (b), respectively. The synthesis condi-
tions influence the PAni morphology.** For example, the acidity
conditions during the reaction have the following effects on the
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Mag= 15.00 K X
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2550
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Fig. 4 SEM images of the PAni film (a) low magnification (500x), (b) high magnification (15.00 KX) and (c) surface roughness.
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morphology of PAni. The granular PAni was produced with
sulfuric acid.*” Precipitation polymerization followed by strong
oxidants and high aniline concentrations under strongly-acidic
conditions (at pH < 2) generates PAni with granular
morphology.* The distinct characteristics which are consistent
with the morphology of pure PAni are the existence of globular
clusters, weak linkages between PAni chains, and relatively high
porosity.”® SEM micrograph of chemically polymerized PAni
film of paper-based humidity sensor as in Fig. 4(a) with low
magnification, shows a branched root like structures over micro
granule aggregates. These branched root-like structures are
supposed to increase the movement of charge carriers resulting
in high conductivity. In high magnification, coral-like
morphology can be observed (Fig. 4(b)). This has resulted in
highly porous nature with a large amount of void space
throughout the film. This porous nature of the PAni film is
significant in its humidity sensing process as these micropores
increase water adsorption by increasing surface area and
providing more adsorption sites and improving the film's
humidity sensing properties.**** As some areas are denser than
others, an uneven distribution of PAni layer can be identified.
Therefore, the surface morphology of PAni layer is non-uniform
and heterogenous. Fig. 4(c) shows the detailed 3D surface plot
of the PAni film over a surface area of 377.0 x 562.9 um?.
Surface roughness enhances the gas permeation rate of
membranes.* The roughness parameter R, (average roughness)
is used to assess the surface roughness and computed along
with Image] software (roughness calculation plugin). For the
PAni layer, the R, value is 16.9 pm which is considerably higher
than the past literature values recorded with respect to different
type of PAni films.**-*

3.1.3 Semicrystalline microstructure. The degree of crys-
tallinity of PAni was determined using XRD. PAni is a two-phase
system and semi-crystalline in nature. Polymer chains in the
crystallites phase are parallel and closely packed, whereas they
are not parallel or ordered in the amorphous phase.* The ob-
tained XRD pattern of PAni film is shown in Fig. 5. Two wide
peaks were found at 26 = 20° and 25°. The peak observed at 20 =

25000
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Fig. 5 XRD pattern of synthesized PAni.
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25° is the characteristic peak of the PAni salt and it indicates the
semicrystalline structure of PAni film. The crystalline structure
is due to the benzenoid and quinoid rings in PAni chains.** The
crystallinity is beneficial for the rapid transportation of charge
carriers from the PAni film surface to the bulk.*

3.2 Electrochemical behaviour of PAni

Synthesis of PAni is accomplished by chemical polymerization
which involves aniline oxidation by chemical oxidant (K,S,05s)
in an acidic medium. The polymerization reaction is carried out
in an acidic medium to facilitate the protonation. The PAni
H,S0, has the original conductivity of 37 S cm™".>* Drop-coating
method was used as the deposition method of a thin PAni film
on the substrate. The fabricated sensor was annealed at 100 °C
for 1 hour as annealing increased the sensor's sensitivity by
a factor of two.®

The general formula of PAni can be illustrated as in Fig. 6.*%*
The emeraldine form of PAni is composed of reduced benze-
noid units and oxidized quinoid units.**®* Both of these units
have nitrogen atoms with a lone electron pair. Therefore, both
can be protonated. Protonation of reduced form (eqn (1)) and

\

@“@J@\@N

/\
N\

\ 7
n

Fig. 6 General formula of PAni (where, X = 1; leucoemeraldine, X =
0.5; emeraldine and X = O; pernigraniline as base forms).

i
NH, H—N"H
.
P —

Joxydation

protonated pernigraniline intermidiate

reduction

protonated emeraldine

Fig. 7 Oxydation of aniline into emaraldine salt through pernigraniline
intermediate in acidic medium.
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protonation of oxidized form (eqn (2)) can be represented as
follows, respectively.®

~NH- — -NH,"- (1)

N= —» _NH*= )

These protonated sites, also known as charged sites or H-
bond accepting/donating sites, contribute to the electrical
conductivity of PAni.* Among three forms of PAni, protonated
polyemaraldine or polyemaraldine salt is the conductive form
which possesses conductivity around 15 S ecm™'.*®

Fig. 7 shows the oxidation of aniline into polyemaraldine
salt.*” Oxidation in the presence of H,SO, acid converts the
aniline monomer into the anilinium cation. The growth of PAni
chain takes place through the protonated pernigraniline inter-
mediate. Following the consumption of the oxidant in the

o
©
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R?=0.9911

o
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Fig. 8 Conductance vs. RH.
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medium, the residual aniline reduces pernigraniline to the final
product protonated emeraldine.** Chemical polymerization of
aniline gives the green-colored product emeraldine salt. This
form of PAni is more sensitive to water vapor. As the surface of
PAni film is hydrophilic, it has high affinity to water vapour. The
humidity sensitivity of PAni can be explained by two types of
interactions that take place between water molecules and
polymer. These are the formation of hydrogen bonds and
swelling in conducting polymer.***° Protons released from the
water molecules interact with universally conjugated C=C
double bonds. This phenomenon is used in humidity sensing.**

3.3 Humidity assisted conductivity of PAni

The enhanced charge transfer process facilitated by the water
vapor increases the conductivity of PAni.** The absorbed mois-
ture in PAni film causes the polymer swelling and consequently
unfolding the polymer chain." Since water molecules are ion-
isable, they can be dissociated into protons (H') and hydroxyl
ions (OH"). The charged sites on the PAni film facilitate the
formation of proton through charge interactions and H-
bonding. Accordingly, the absorbed water molecules serve as
a proton source by increasing doping level and/or charge con-
ducting.” Conductance variations obtained with different RH%
are shown in Fig. 8. According to the results, conductance was
increased with increasing humidity. The proposed sensor was
capable of producing linear relationship between the humidity
level and conductance.

The Fig. 9(i)-(v) show the steps in sensor fabrication process.
As shown in Fig. 9(v) the humidity sensor consisted of a three-
electrode system which included two graphite electrodes
(working electrode and counter electrode) and a silver electrode
(reference electrode). Here, the silver electrode was used as
a pseudo reference electrode to control the potential.

The three-electrode configuration was used to achieve rapid
response/recovery, high response and high precision.*> The
polymer part lying between the two carbon electrodes is crucial

(v)

(silver)

PAni film |

working and counter

Fig. 9 Humidity sensor fabrication process: (i) fabricated graphite electrodes on chromatography paper substrate (ii) after a few moments of
adding monomer and oxidant (iii) formation of blue coloured pernigraniline intermediate (iv) formation of green coloured emeraldine (v) finished
fabricated PAni humidity sensor on paper with three-electrode configuration.
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Fig. 10 Schematic diagram of (a) experimental setup of humidity sensor measuring system and (b) theoretical model of the sensor.
for the humidity response. Even though distance lowering S.. = AZ'/ARH (3)
between electrodes caused to decrease the film impedance,
optimal distance between electrodes was selected in such a way S_..=A-Z"IARH (4)
that the impedance is not too high at low RH% and not too low
at high RH%. This ensured clear impedance spectra over the Siz = A|Z|/ARH (5)

entire frequency range.”* Fig. 10(a) shows the experimental
setup used to obtain Electrochemical impedance at different
humidity levels and Fig. 10(b) shows the theoretical model of
the sensor.

3.4 EIS response of humidity sensor

EIS was used to study the charge transport process in depth.>*
The electrochemical impedance spectra were collected using
developed paper-based humidity sensor for the humidity series
consisted of 0%, 11%, 32%, 43%, 51%, 75%, 84%, 92%, and
97% RH values. The Fig. 11 shows the Nyquist plots of the film
at different humidity levels and can be used to describe the
sensing mechanism of the humidity sensor.

Fig. 12 shows the response curves of the |Z| versus RH% at
different frequencies. The impedance increases monotonically
with RH% at different frequencies. The linearity values of the
fitted curves at different frequencies were closely similar with
a R* = 0.99. However, high sensitivity/slope can be observed
(increased rate is faster) at 1000 Hz. Therefore, 1000 Hz was
selected as the most suitable frequency for further analysis.

Variation of highest —Z", Z' at the point of intersection and
|Z] of the sensor against RH% are shown in Fig. 13(a)—(c)
respectively. The —Z", Z' and |Z| values of the sensor showed
negative correlation with RH%. The effect of humidity on
impedance of the sensor can be easily clarified using sensitivity
(87, S_» and Sz as given in the following eqn (3)-(5);

6402 | RSC Adv, 2023, 13, 6396-6411

where AZ', A—Z", A|Z| and ARH are real impedance, negative
imaginary impedance, impedance magnitude at 1000 Hz and
RH increments, respectively.”®

The sensitivity values can be obtained from the slope of the
graphs plotted in Fig. 13(a)-(c). The sensitivity values for the
sensor for the RH range of 0% to 97% were found to be S, =
—1.1623 Q/%RH, S_,» = —0.6495 Q/%RH and S|z = —1.1701

—=—RH =0%
RH =11%
RH = 32%
—— RH = 43%
RH = 51%
RH = 75%)|
»— RH =84%

AN > RH = 92%
\ | RH=97%

S -

0 250 300

Fig. 11 Impedance spectra (negative imaginary impedance vs. real
impedance) of the sensor at different humidity levels.
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Q/%RH. It can be seen from Fig. 13(a)—(c), the highest —Z" vs.
humidity, Z’ vs. humidity and |Z| vs. humidity produced linear
plots with R* values of 0.9819, 0.9891 and 0.9900, respectively.

3.5 Humidity sensing mechanism

Electrical conductivity of PAni films arises due to H' ions from
water and electrons.”® The intrinsic impedance of the sensing
film is the primary reason for the semicircle. With increasing
RH, the intrinsic impedance of the sensing film decreases due
to the interaction between the sensing film and water resulting

180

a
1704 '\
160 - \
150 - R
S 1404 \
N
" 130 \
L]
120 y = -0.6495x + 173.29 \
R?=0.9819 .
1104 \\
L
100 -
0 20 4 60 80 100

Relative humidity (%)
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in a decrease in the curvature of the semicircle.’” As seen in
Fig. 11, an obvious semi-circle can be seen in the spectrum of
every humidity level in this developed sensor. This indicates
that even at high humidity, the sensing process is not diffusion
controlled. This may be due to the morphological features of
PAni film limiting the diffusion process under high humidity
and significant contribution from the electronic conduction.*®
However, as seen in Fig. 11, it can be observed a barely popped
tail at the low-frequency region of Nyquist plots correspond to
84%, 92%, and 97% RH levels which is an indication of the
Warburg impedance due to diffusion.

3.6 Effect of temperature on the impedance responses of
humidity sensor

The temperature effect on the sensing mechanism was studied
at different temperatures and Fig. 14 shows the experimental
setup used. Two of impedance spectra were collected, one in
a typical atmosphere at room temperature and other one in an
N, gas flushed environment. The maximum value of —Z" for the
sensor in the N, gas flushed environment was found to be
twenty times greater than in a normal atmosphere, and this
trend was also observed for Z' values. This increase in imped-
ance is attributed to the N, flushing which removes fixed water
molecules from the PAni film.*® As the temperature in the N, gas
flushed environment increases, the film's impedance/resistance
decreases, but remains higher compared to room temperature
in a normal atmosphere. The relationship between the changes
in impedance due to the N, flushing and the temperature-
dependent behavior of PAni is depicted in Fig. 15. This

260 - b
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E 200
N e
180 |
- \ .
160 y = -1.1623x + 251.96 .
R?=0.9891 .
140 | ~
.
120 . r T T T T
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Relative humidity (%)
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200 -

[FARES

180
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160
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Relative Humidity (%)

Fig. 13 Variation of (a) highest —Z” values (b) Z' value at the intersection point of the impedance curve with the x-axis (c) |Z| values at 1000 Hz
frequency of the sensor for the RH% levels of 0%, 11%, 32%, 43%, 51%, 75%, 84%, 92% and 97%.
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Fig. 14 Schematic diagram of experimental setup for studying the
temperature effect.

decrease in resistance (an increase in conductivity) with
increasing temperature strongly suggest the semiconducting
behavior of PAni.*® However, the electroactivity and conductivity
of the PAni film were observed to be stable up to 135-140 °C.

High-temperature exposure reduced conductivity and elec-
troactivity of PAni and temperatures above 150 °C resulted in
irreversible conductivity loss. These changes may be associated
with structural changes in the PAni film such as reactions of
amine and imine groups reducing N atoms available for
reprotonation.” With increasing temperature, the ionic
conductivity due to H' hopping decreases and electronic
conductivity increases. Charge transportation happens through
thermally assisted hopping of electrons within the sites that are
energetically close.*

3.7 Selectivity, stability and response/recovery study

The selectivity for humidity of the sensor is crucial in practical
applications and it was studied analysing sensor responses for
the ethanol vapor which can act as a polar interfering gas® and
CO, which is a commonly available gas in atmosphere.

450
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According to the results shown in Fig. 16(a)-(i), there is no
observable difference between complex impedance plots
collected in the presence and absence of ethanol vapor at
different humidity levels. As PAni has a high affinity with water
vapor, it rapidly adsorbs water when in contact with a gas
mixture containing water in the vapor phase.”® Therefore,
ethanol vapor has no significant effect on the sensor and can
sense humidity without interference from ethanol vapor.
According to the results obtained, there is no significant
difference between two impedance spectra obtained in the
presence and absence of CO, gas at every humidity level as can
be clearly seen from the results shown in Fig. 17(a)-(i). There-
fore, chemically polymerized PAni (emeraldine) shows no
significant sensitivity toward CO, as water has high affinity to
PAni matrix. However, the modified/improved PAni with
a hydrophilic material such as PEDOT:PSS has been used to
detect CO, as reported in previous studies.*

One of the most important parameters of a humidity sensor
is its stability. The stability and the long-term RH sensing
performance of the sensor was studied by comparing the
impedance responses over a 30 day period under 11%, 75% and
97% RH conditions. As shown in Fig. 18(b), there was no
significant impedance deviation was observed, indicating that
the device has excellent stability.

The response reversibility of the sensor in different RH levels
was further studied by taking reversible measurements by
switching the sensor back and forth between RH 0% and
continuously increasing RH levels in the 11-97% range.
Fig. 18(d) shows the dynamic impedance response versus time
plot with gradually increasing RH. It was observed that the
impedance of the sensor immediately returns to its original
state at different humidity levels demonstrating its good
reversibility. Response time (f..s) and recovery time (t..) are
crucial factors for the humidity sensor applications.®>** In this
study, the response and recovery times are defined as the time

800
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100
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Fig. 15 Variation of (a) highest —Z” values and (b) Z' values at the intersection with the x-axis with temperature.
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the sensor takes to reach 90% of the equilibrium point when
exposed to different RH environments.® The ¢..s and ¢.. values
at a given fixed humidity point were measured and recorded. As
shown in Fig. 18(e) and (f), the response and recovery time of
the sensor increase as humidity increases. The response time of
the sensor ranged from 150 to 220 s in a wide humidity range
and the maximum recovery time observed was 150 s, which
corresponds to the highest RH level, 97%. The repeatability of
the sensor was studied by switching the sensor between 11%
and 75% RH levels for five successive cycles and responses were
recorded with an average response time of 180 s and an average
recovery time of 120 s. Fig. 18(c) shows the repeatability of the
sensor and Fig. 18(g) shows the response-recovery time curve of
the sensor for switching between 11% and 75%. The standard
deviation values of measured responses at 11% and 75% RH
levels are as low as 0.132 and 0.054, respectively. In addition, the
standard deviations of response and recovery time to switch the
sensor between 11% and 75% RH levels are as low as 2.24 and
1.20, respectively. The response curves are almost identical at
a given humidity indicating good repeatability with a fast
response-recovery behaviour.

The hysteresis can be used to determine the reliability of the
sensor and it is shown in the Fig. 18(a). The impedance
measurements were collected for the absorption process (from

6406 | RSC Adv, 2023, 13, 6396-6411

0% RH to 97% RH) and desorption process (from 97% RH to 0%
RH) in cyclic way. It can be seen that impedance values for the
entire humidification process is always greater than for the
desiccation process. The sensor exhibited maximum hysteresis
of about 2.1% at 75% RH level. This low hysteresis value
accounts for the rapid adsorption and desorption rate of water
molecules on the PAni surface.®® The hysteresis depends on the
film thickness. A thin film results in low hysteresis as differ-
ences in the rates of absorption and desorption are low.*

The substrates of chemical sensors have an important
influence on sensing performance.*” The strong interaction
between PAni and cellulose in the paper occur due to hydrogen
bonds that exist between the hydroxyl groups of glucose and the
repeating N-functionality in PAni, which can affect the sensing
behavior of PAni.®® This is evident from the differences in the
linearity (R*) of the impedance responses of the paper-based
humidity sensor (R* = 0.9900) and the identical sensor on
a PET substrate (R*> = 0.8702), as shown in Fig. 13 and S4 (in
ESIt), respectively.

Table 1 compares humidity sensors developed using PAni
and PAni based compounds. Typically, humidity sensor devel-
opment requires the utilization of expensive chemicals and
costly fabrication procedures. Kundu et al. reported PAni-
encased multiwall carbon nanotubes for humidity sensing

© 2023 The Author(s). Published by the Royal Society of Chemistry
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which involves complex time-intensive process that demands
advanced techniques, involves high-temperature conditions
and requires specialized equipment.*® Therefore, low cost is
significant in humidity sensor development as it facilitates
wider access to the technology, drives mass adoption, provides
cost-effective solutions, and allows easy integration into
a variety of devices and systems. Some fabrication techniques
have limitations. For example, Chethan et al. developed PAni/
WGO composites and utilized in situ polymerization method
which has limitations such as impracticability to bulk produc-
tion of the composites and resulting poor interconnecting
network among polymer chains and fillers.” Sandhu et al. re-
ported a nanogranular PAni-integrated paper as a humidity
sensor with better responsivity. However, it was noted to have
a drawback of having a lengthy response and recovery time,
taking 1300 s and 2809 s respectively.”* The PAni/PEDOT: PSS
humidity sensor developed by Morais et al. has the same
problem of long response time.”” Ragazzini et al. proposed
a humidity sensor developed with conductive paper sheets
produced using PAni and cellulose. The RH% detection range
was narrow and limited to low RH levels, from 2-50 RH% while
response and recovery times are comparatively high.®® Su et al.
reported a disposable humidity sensor based on ultrathin PAni
film. The layer-by-layer nano-assembly method was used as
polymer deposition method to improve sensing performance
via changing polymer molecular structure. However, the RH%
detection range of this sensor was narrow and limited to high
RH levels.” Many humidity sensing parameters are interde-
pendent.” Therefore, at designing phase, based on the target
application, several criteria must be taken into account to
determine which parameters should be prioritized over
others.”™

4. Conclusions

In this study, the humidity sensing properties of PAni were
studied using the EIS technique. The results have clearly shown,
that increasing RH decreases the film impedance. This depen-
dence of impedance on the humidity of the developed paper-
based PAni sensor makes it suitable for use in humidity
meters. The sensor exhibits high sensitivity and good linearity
in the range of 0 to 97% RH, as well as fast response and
recovery times, low hysteresis, long-term stability and good
repeatability. The characterization of the PAni film of the sensor
using different techniques revealed the presence of the emar-
aldine salt form and films are highly porous. Additionally, the
results indicated that the substrate has an impact on the
sensor's sensing mechanism and sensitivity, and paper was
found to be a better option compared to polyester. It was also
found that there is an effect of the temperature on the
conduction mechanism of the sensor where impedance
decreases with increasing temperature. Furthermore, obtained
results show that ethanol vapor and CO, gas have no observable
effect on the sensor. Therefore, this sensor can be used to sense
humidity without interference from CO, and ethanol vapor. The
sensor possesses unique features that maximize the humidity
sensing, making it a promising candidate in environmental
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monitoring, research activities, medical and industrial appli-
cations, etc as a flexible, low-cost and disposable humidity
sensor with easy fabrication steps.
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