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Abstract: In this research article, an organic polymer based polypyrrole (Ppy) composite material
has been synthesized and analyzed for the design and fabrication purposes of a fast-responsive,
highly sensitive, and an economical resistive-type novel humidity detection sensor. This humidity
sensor most suitably serves the purpose for industrial humidity (i.e., values ranging from low to
high) detection applications. First, a polypyrrole composite material (a mixture of polypyrrole,
polypyrrole-NiO, polypyrrole-CeO,, and polypyrrole-Nb,Os) has been synthesized by chemical
oxidative polymerization method, and then is treated at various temperatures, i.e., 100, 150 and 200 °C,
respectively. After this treatment, the synthesized samples were then characterized by using FTIR,
SEM, and DTA /TGA techniques for analyzing humidity sensing properties. The polypyrrole samples
with the best morphological structure and properties were then incorporated on interdigitated
electrodes. For the fabrication purposes of this thin film structure, at first a few drops of polyvinyl
alcohol (PVA) were placed over interdigitated electrodes (IDE) and then the synthesized polypyrrole
composite was uniformly deposited in the form of a thin film over it. The plots show that this
is a good resistive-type humidity detection device for the relative humidity range of 30% to 90%.
The response and recovery times of this newly fabricated humidity sensor were reported to be
the same as 128 s at room temperature. Additionally, the stability and the repeatability response
behavior of this Ppy sensor were verified up to five cycles of multiple repetitions. This presents
an excellent stability and repeatability performance of the sensor. Furthermore, the capacitances
versus humidity response and recovery properties of the designed sensor were studied too. This
illustrates an excellent capacitive verses humidity response and shows a linear and an active behavior.
Lastly, the experimental result proves that polypyrrole composite thin film shows a reasonable best
performance up to a temperature of 100 °C.

Keywords: polypyrrole polymer; humidity sensor; thin film; resistive type; rapid detection

1. Introduction
1.1. Literature Review

Polypyrrole (Ppy) belongs to the family of organic polymers that can be produced by
polymerization. Being a famous conductive polymer, it shows a promising behavior for
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the stability of a product and or device along with the conversion of the corresponding
cation to anion radicals. Several methods exist for the preparation of polymers, but the
most widely used methods are the electrochemical and chemically loss of electrons (i.e., ox-
idation). The synthesis of polymer composites from any one of these two methods depends
on its type of application in practical devices. The electrochemical synthesis technique
shows good results in the formation of polymers with good order. Therefore, it is the most
commonly used technique to synthesize electrically conducting polymers. In 1979, Diaz
et al. performed electrochemical polymerization of pyrrole, and obtained a free-standing
polypyrrole film with a high conductivity of o = 100 Sem ™! [1]. A general chain of polymer-
ization scheme for polypyrrole production has been given in Figure Sla—c. After several
observations, the synthesis mechanism for the polymerization process can be reduced. At
the first stage, a radical cation is produced by an initial oxidation of pyrrole, which makes
an electrophilic attack on a neutral molecule [2], as the electrochemical polymerization
reaction only takes places when the oxidizing potential of polymer can cause the electrode
surface to be zero. Furthermore, the amount of the charge absorbed during the creation
of polymers is initially linearly time-dependent [3]. Finally, the complete electrochemical
reaction will occur at the surface of a catalyst. Being a famous suitable conductive polymer,
polypyrrole can be prepared by three known methods named as chemical vapor deposi-
tion (CVD), electrochemical polymerization, and chemical oxidation polymerization in a
solution [4]. The third one is mostly used by the researchers and scientists.

Nowadays, polymeric conductive composites can be prepared by an easy and effective
method which is called chemical oxidation polymerization. In the preparation of polypyr-
role (H(C4HoNH),H) composite, the pyrrole (C4H4sNH) monomer is polymerized through
the chemical oxidation polymerization method and by using oxidants such as ammonium
per-sulfate (NH4),5,0g) within a host polymer solution. In this method, the distribution
between polypyrrole and host polymer is good, and due to this, the mechanical properties
and electrical conductivity of the newly prepared material considerably increases. The
non-conducting state of polypyrrole is considered of having a benzenoid structure and
such state is known as natural state of polypyrrole. The natural state in the benzenoid
structure of polypyrrole is the same as shown in Figure S2a,b, which represents a schematic
band structure of polypyrrole.

As a result of the abovementioned reaction, charge carries are performed, and monomer
is polymerized due to the doping process. The formation of the structure and electronics
defects as well as doping of the natural polymer take places. The first type to predominate
a defect will be polarons at lower concentrations, which then give rise to two forms of two
localized states within the band gap [5,6]. Latest studies related to advances in chemical
synthesis of polypyrrole are presented in [7], where the authors have deposited short chain
polyaniline (PANI) and Ppy based nanocomposites mixed with glucose oxidase (GOx)
on a graphite rod (GR) electrode. Their results show that the designed electrodes are
suitable for glucose determination in the serum samples. The complex measurements of
resistivity and capacitance of an electrochemically deposited Polypyrrole are discussed
in [8]. A substantial number of works on various types of synthesis methods of conducting
polymers and their respective applications in the field of biosensors and biofuel cells
have been conducted in [9]. More recently, a nonezymatic and an amperometric glucose
biosensor was fabricated from graphite rod electrodes and then was improved with Ni-
nanoparticle/polypyrrole composites, as reported in [10].

Humidity plays an important role in our daily life, such as in climate forecasting,
having strong effects on our human comfort and health, in the form of moisture control in
building construction and the proper running of industrial devices (electrical machines
and semiconductor electronic device), etc. Humidity measurements also play a vital role
in human breath monitoring system technologies [11-14] and automated manufacturing
processes too [15]. Xifang et al., fabricated a humidity sensor from SPEEK/PVB composite
nanofibers for breath monitoring and for non-contact sensing applications [13]. Their
findings show that the addition of polyvinyl butyral (PVB) considerably improved the
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sensor properties such as stability, and response and recovery time. Humidity values can
be acceptable up to some pre-defined ranges depending on environments of each of the
abovementioned cases. However, most of the time its higher value in any environment
can cause severe damages. For example, higher value of humidity around electronic
devices increases conductivity of insulators; in turn this may change working properties
of semiconductor devices and give rise to dangerous situations. That is why, its proper
detection, measurement and control time is necessary. There exist several examples of
humidity sensor applications in many sectors of our modern life and these sectors includes
pharmaceutical and healthcare, automotive, domestic appliances, food and beverages,
and agricultural.

Thus, different types of humidity sensors have been designed for this purpose from
the applications of diverse hygroscope composite materials [16,17]. The absolute humid-
ity and relative humidity measuring sensors are dominating the current paradigm of
industrial and scientific peripheries. The design and fabrication of an effective humidity
sensor is a complex task, because good performance of humidity sensors must meet many
requirements including: linear curve response, higher sensitivity, physical and chemical
consistency, quick response time, a low hysteresis loss, a wide operating humidity range,
and lastly its affordable price. Some materials are already well known for these purposes,
including polymers, ceramics, and composites, and each one of them has specific conditions
for application [18-25]. For example, Rongrong et al., fabricated a capacitive-type humidity
sensor from MCM-41/PEDOT composites in [22]. They have claimed that their designed
sensor shows fast response, good sensing performance, and is suitable for wider humidity
detection ranges.

The role of miniaturization technologies in humidity sensors offers a variety of advan-
tages, e.g., compactness, low cost, and low density [26,27], batch fabrication [28], and low
hysteresis losses [29]. It is evident from the facts that humidity plays an important role in
automated industrial processes too, including the use of intelligent systems and networks.
Humidity sensors are used as monitoring sensors for the diagnosis of corrosion and erosion
in engineering infrastructures (e.g., civil and mechanical), and for the determination of
soil moisture percentage during irrigation in agricultural projects [30]. Steps involved
in advancing the sensory system of humidity includes efforts needed to increase and to
improve transducer performance such as sensing elements [31,32], structure design [33,34],
mechanism principle [35,36], and manufacturing and or fabrication technologies [37,38].

1.2. Measuring Parameters for Humidity Sensors

Humidity sensors calculate the volume of aqueous vapors present in gases. It could
be a mixture of a pure gas or of an air, such as nitrogen or argon. A detailed discussion
on types of humidity measuring techniques and units has been added in Supplementary
Materials (see 52, Humidity Types and Units).

1.3. Classification of Humidity Sensors Based on Their Fabrication Materials

Relative humidity sensors are the most commonly available humidity sensors in the
market. RH sensors can be sub-divided based on their operating principles. According
to Yamazoe’s and Shimizu’s classification which appeared in the 1980s, various sensing
elements were placed in the main groups of electrolytes, ceramics (porous), and polymers
(organic) [26]. In 1995, ten years later, Traverse developed humidity sensors, mainly based
on organic polymer film and porous ceramics [39]. In 2005, Chen and Lu classified the
RH sensors into ceramic, semiconductors, and organic polymers. Furthermore, they had
also classified absolute humidity (AH) sensors into mirror-based (hilled mirror) and slide
moisture sensors [40].

All of the abovementioned kinds of humidity sensors utilize the basic principle of
change in the electrical (i.e., resistance and capacitance) and physical properties of the
sensitive elements, when exposed to different atmospheric humidity conditions. This
provides a measure of humidity in the form of some amount of adsorption and desorption
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of water vapor molecules. It has been analyzed and reported that the sensitivity of humidity
in porous film is higher than non-porous counterparts [41,42]. Among various other
determining factors for humidity transducers, inter-granular or intra-granular porosity
and pore size distribution also possess significance [43,44]. Hygrometer type humidity
sensors can be made by measuring either the capacitance of sensing matters or conductance
(electrical impedance), which turns into a ratio of some inorganic or organic synthetics
physiology. The organic polymer film type humidity sensors are categorized into resistive,
impedance [45,46] and capacitive types [47,48], and are further sub-divided into ionic
conduction and electronic type sensors.

1.3.1. Ceramic Humidity Sensor (Semiconductor)

Ceramic humidity sensors are metal oxide-based sensors that have advantages over
polymer film type sensors from the perspective of their thermal capability, mechanical
strength, resistance to chemical reactions, and physical stability. Ceramic humidity sensors
are divided into impedance type sensors and the capacitive type, the impedance type
sensor is then further divided into electronic conduction and ionic conduction types [49,50].
The electronic conduction and ionic conduction type sensors calculate amount of moisture
through the method of measuring the variations in the conductivity of the sensing film
verses various humidity levels.

1.3.2. Organic/Inorganic Hybrid Composites Type Humidity Sensors

Nowadays there is an increase in the usage of different type of composite materials for
humidity sensing applications; these materials are prepared by mixing several organic and
inorganic substances. An important property of the ceramic system is the chemical and
physical adsorption of water vapor molecules to its surface. That is why in ceramic sensors
the sensitivity and response time depends upon the surface type with certain characteristic
properties [39,51]. In ceramic humidity sensors the main disadvantage is that they need
regular heating for the removal of dust and oil contaminants [29]. However, this problem
has been resolved to some extent with the development of ionic type ceramic sensors.
Ionic type ceramic sensors work at room temperature and do not require a heater [52]. In
manufacturing of ceramic humidity sensors, another important thing is the proper selection
of the highest temperature, to ensure the maximum interaction of water vapors and grain
necks. Polymeric sensitive materials have been reported as bulk humidity sensors. This
is due to variations in their dielectric permittivity or electrical conductance upon contact
with water at room temperature as capacitive or resistive. Organic based polymer sensors
are economical, and have simple methods of preparation, diversity, and acceptable ranges
of sensitivity. However, their disadvantages includes: slow response time, short shelf lives
(due to their low water durability especially at higher humidity), limitation of working in
chemical and harsh environments, and weak adhesive forces with polymeric substrates.
Additionally, these sensors do not work properly under firing temperatures. As seen from
the issues above, it can be concluded that the most suitable solution is in the form of a
hybrid primary element, and they are gaining much attention on a daily bases due to their
superior features and enhanced characteristics [53].

1.3.3. Polymer-Based Humidity Sensors

Macromolecules are organic polymers and represent the structure of a unit. A polymer
is a combination of a carbon-hydride compound and its derivatives. The synthetic polymers
are classified by monomers (i.e., small molecules). Polymers are classified by two or more
various kinds of monomers which are known as co-polymers. Most of the polymeric
sensors are based on porous polymer thin film (even thinner than millimeters) and having
the same sensing principle as of ceramic sensors. The water vapors are coated in a polymer
film with micro pores for condensation, and some measurable physical properties change
due to water absorption phenomenon. The polymeric humidity sensors are categorized into
two main types, the capacitive-type humidity sensor and the resistive-type humidity sensor.



Polymers 2021, 13, 3019

50f17

Capacitive-Type Humidity Sensor

Capacitive type humidity sensors are based on principle of change in dielectric con-
stant in the thin film due to the absorption of water molecules. This change can be caused
by the capillary condensation in porous structures or by the swelling of the polymer film.
The electrode geometry and hygroscopic material determine the properties of such sensors.
Because the polymer is highly sensitive to high temperatures, so nearly all the polymer-
based humidity sensors operate at room temperature. Korvink et al. considered four
electrode geometries for capacitive humidity sensors in [54]. The electrode geometries
allow the vapors to diffuse freely into the dielectric (e.g., interdigitated electrodes (IDE))
and are favorable for faster responses. On the other hand, in thin film electrodes, the field
distribution is not uniform. Nellikkal et al. presented various models of an IDE based
capacitive-type and resistive-type sensor in [55]. Figure 1a shows a schematic diagram of
an IDE based capacitive-type thin film single RH sensor. The IDE capacitors depend on the
spacing and the area of the electrodes as shown in the Figure 1a.

Conductive
material

Dielectric
material

Conductive
material

@

Porous sensing

/ thin film
/ Interdigitated

electrodes

1 [ 1 [ | Insulated
——

substrate

(b)

Figure 1. (a) Schematic diagram of IDE based capacitive-type thin film humidity sensor; (b) schematic
diagram of IDE based resistive-type thin film humidity sensor.

Resistive-Type Humidity Sensors

Resistive-type humidity sensors are the sensors whose resistance changes with hu-
midity variations. The humidity-dependent resistance changing of such sensors can be
approximated by applying the following Equation (1),

R(rh)\ _ loga — logr},
Log( Ro >_ 1+4 @

In these sensor materials the variations in resistance are caused by a chemical reaction
occurred in water molecules and surface atoms, and it could be either electronic or ionic
type. A good conductive material, such as a polymer composite, produces big changes in
the resistance (i.e., impedance) in the presence of water molecules, thus exhibit suitable
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humidity sensing properties. Figure 1b shows a schematic diagram of IDE based resistive-
type thin film single RH sensor.

In this work, an organic polymer based polypyrrole (Ppy) composite material has
been synthesized and analyzed for the design and fabrication purposes of a fast-responsive,
highly sensitive, and an economical resistive-type novel humidity detection sensor. The
novelty of this work can be seen in a number of ways, e.g., the composition of different
materials used during the fabrication of this humidity sensor has not yet been reported
in the entire existing literature. Furthermore, the selection of these materials has been
made on the bases of their structural morphology, conductance properties, cheaper prices
and easily availability. These are such attributes which can be taken care of during the
fabrication of humidity sensors. Moreover, capacitive-type humidity sensors have been
reported in the existing literature and are available in the market till now. However, this
is a new addition in the resistive-type humidity sensors family. Properties of any sensor
such as response time, recovery time, sensitivity and repeatability play an important role in
the performance and suitability of the sensor. The newly fabricated sensor showed better
properties in this respect too than that of existing works in this field. For example, the
response and recovery times were calculated to be around 168, 1500 [56], 45, and 150 s
in [57], and 180 and 60 s in [58]. However, the response and recovery times in the present
work are the same and around 128 s. This in turn proves that the newly fabricated sensor
in this work shows suitably enhanced sensitivity, reasonable linearity and an improved
faster response and recovery time than other existing works. This work also provides a
step-by-step process to fabricate a resistive-type humidity sensor from material selection
to real-time response of the sensor. Apart from these mentioned new findings, most of
the results presented in this work are obtained on five different frequencies, i.e., 100 Hz,
500 Hz, 1 KHz, 10 KHz, and lastly at 100 KHz; this explains the entire conductance and
resistive phenomenon in a more detailed and compact way.

2. Material and Methods
2.1. Analytical Reagent Grade Pyrrole Material

Pyrrole (C4H4NH), niobium pentoxide (NbyOs), cerium oxide (CeO;), nickel oxide
(NiO), and anhydrous iron (III) chloride (AR-grade) were all purchased from Sigma Aldrich,
Korea. Pyrrole monomers were purified under low pressure through a distillation process
and then were stored in a dark place at 4 °C.

2.1.1. Synthesis of Polypyrrole

For polymerization purposes of 3.4 mL pyrrole, FeC3 along with 25 mL of ethanol was
used as a solvent with an oxidant and with anhydrous characteristics. For obtaining an
ethanol solution of pyrrole, a mixture of pyrrole was first starved, and ethanol was stirred
for nearly 15 min. After that, 25 mL of FeCl3.6H,O “iron (III) chloride hexahydrate” was
added drop wise and with continuous stirring in this solution. The solution was left for
polymerization for 24 h. The suspension was filtered out and was washed with acetone
and distilled water to get ferric chloride. Finally, a black precipitate of polypyrrole was
obtained. The obtained black precipitate was dried in a vacuum oven for 3 h and from
60to 70 °C.

2.1.2. Synthesis of Polypyrrole-NiO Composite

FeC;3 was dissolved in 25 mL of ethanol and 3.4 mL of polypyrrole and stirring was
performed for nearly 15 min. Then 25 mL of FeCl4.6H,O was added in a drop wise manner
in an ethanol solution of pyrrole. Fine graded powder of nickel oxide (NiO) was adjusted in
percentages of weights and was added to the polypyrrole solution. Then the entire mixture
reaction was starved for 3 h at 0-5 °C with the help of a magnetic mixer to disperse NiO in
this polymeric solution. The acquired materials were purified and properly rinsed with
distilled water and acetone to eliminate the unreacted Pyrrole and the excessive amount of
ferric chloride. Finally, the sample was dried in a vacuum oven for 2 h at 60 to 70 °C.
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2.1.3. Synthesis of Polypyrrole-Nb,Os Composite

For this step, 3.4 mL of pyrrole was put in 25 mL ethanol and the mixture was properly
allowed to dissolve, after that stirring was done on this mixture for 10 min. Then, 25 mL
of FeCl3.6H,O was added in drop wise fashion in an ethanol solution of Pyrrole. Fine
graded Niobium Pentoxide powder (Nb,O5) was taken in different volumes and then was
added to the polypyrrole solution. Again, the sample was dried in a vacuum oven for 2 h
at 60-70 °C.

2.1.4. Synthesis of Polypyrrole-CeO, Composite

In this step, 3.4 mL of pyrrole was added in 25 mL ethanol and then starved for almost
10 min. Then, 25 mL of FeCl3-6H,0O was added drop wise in the ethanol solution of Pyrrole.
Here, fine graded Cerium Oxide powder (CeO;) was taken in volumes of 10, 20, 30, 40, and
50, and was added to the polypyrrole solution. The mixture was starved for 3—4 h at 0-5 °C
with a magnetic stirrer to disperse CeO, from the polymer solution. Lastly, the sample was
dried down in a vacuum oven for one hour and 30 min at 60-70 °C.

2.1.5. Preparation of Pellets

In the presence of acetone medium, the powders of polypyrrole, polypyrrole-NiO,
polypyrrole-CeO,, and polypyrrole-Nb,Os composites obtained from above synthesis
techniques were mixed (as shown in Figure 2), crushed and finely grounded in form of
an agate mortar. To develop pellets of 10 mm in diameter and of a thickness of 2 mm, a
pressure of 90 Mpa was applied through a hydraulic machine, and the powder was pressed.
It is worth mentioning that, to obtain better contacts of sensor and temperature-dependent
conductivity, the pellets of polypyrrole and its composites must be laminated with silver
paste and from both sides of the surface. Additionally, a brief procedure for filtration of
polypyrrole composites has been summarized in the Supplementary Materials (see S3,
Procedure for Filtration of Synthesized Polypyrrole Composites).

Figure 2. Mixing process of polypyrrole, polypyrrole-NiO, polypyrrole-CeO,, and polypyrrole-
Nb,Os5 composite materials.
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2.2. Characterization Techniques
2.2.1. Fourier Transform Infrared Radiation (FTIR) Spectra Analysis

A fingerprint of the newly fabricated Ppy composite molecular sample with absorption
peaks has been represented by the infrared spectrum corresponding to the frequency
of vibrations between bends of the atoms making up the materials. Figure 54 in the
supplementary material file shows the FTIR spectra of the final Ppy composite, and this
spectra has been normalized and major vibration bands are linked with different chemical
groups as it can clearly be noted. FTIR spectra obtained (from paragon 1000, Perkin-Elmer,
Waltham, MA, USA) for this work is with a range of wave number from 4000 to 650 cm~1
for duration of 64 scans, and with a 2 cm ™! of resolution. The numbers of materials present
in Ppy composite are directly indicated by the size of peaks in the spectrum.

2.2.2. Differential Thermal Analysis (DTA)/Thermo-Gravimetric Analysis (TGA)

Thermo-Gravimetric Analysis (TGA) is the study of changes in mass of samples
occurring in variations of heat [59]. The Ppy composite based thin film sensor was placed
in a sealed and controlled humidity glass chamber for absorption and desorption analysis
purposes. A newly prepared Ppy composite thin film structure has been characterized on
the basis of these techniques as shown in Figure 3. Figure 3 is showing thermal absorption
and desorption properties of this Ppy composite at five different frequencies with respect
to changing RH from 30% to 90%. It can be concluded that the absorbed water molecules
readily leave the outer thin film sensing surface of the Ppy composite material in the
recovery process, whereas active unoccupied places of the surface become available for
the adsorption of freshwater molecules in the succeeding sensing cycles. As a result, this
produces a thoroughly unchanged rise and fall response, as shown in the repeated detection
process. More briefed details related to Figure 3 can be found in Section 3.1.

—+— 100 Hz
0.0- 90% RH —+— 500 Hz
et —— 1K Hz
«— 10 KHz
+— 100 KHz
200.0k - 3
{
- 2\ 1
£ 400.0k+ i
: ;_
5
‘T 600.0k-
[
800.0k -
Rise Time 128 Sec Fall Time 128 Sec
1'uM 1 I I 1 I I 1
0 200 400 600 800 1000 1200 1400

Time (sec)

Figure 3. DTA /TGA results of humidity sensor of PVA polypyrrole composite thin film structure at
five different frequencies and at changing RH from 30% to 90%.

2.2.3. Scanning Electron Microscopy (SEM)

SEM was developed for scanning the surface of a sample of a substance. SEM can be
used to examine and obtain certain information about chemical compositions and surface
topography that compose the crystalline structure, giving a magnified image of the sample
of a substance [60]. The special microstructures and structural morphology of the Ppy
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composite material was carefully conducted by using SEM (from JSM-IT100, Japan) as
shown in Figure 4. Figure 4 shows that the Ppy composite material is intergranular porous,
agglomerated and gives a sheet-like structure. It was found from SEM analysis that there a
larger number of empty spaces (Figure 4d) exists in the microstructure of the Ppy composite
powder, which will provide a larger porous surface area for water molecules absorption and
the desorption process. This will notably enhance the resistance changes of this material.
In addition, these kinds of microstructural characteristics will play an important role in
enhancing the Ppy composite based thin film sensor performance parameters such as rise
time, fall time, and sensitivity response behavior.

SED 20,06V WD g
« NCEG-LUOP Y

Figure 4. SEM microstructures of Ppy composite sample; (a) sample image at 20 pm, (b) sample image at 50 um, (c) sample
image at 100 um, (d) sample image at 500 um showing larger empty spaces.

2.3. Fabrication of the Humidity Sensor of PVA Polypyrrole

For fabrication purposes of the Ppy composite based thin film sensor, at first a few
drops of polyvinyl alcohol (PVA) were placed over an interdigitated electrodes (IDE) and
then the synthesized polypyrrole composite was uniformly deposited in form of a thin
film over it. Note that the composition of PVA and Ppy is different: the amount of Ppy is
five times the amount of PVA. Figure 5 depicts a simplified cross-sectional view of the Ppy
composite based thin film fabricated resistive-type humidity sensor. Where, the bottom
layer is of silver (Ag), the IDEs are made up of alumina (Al,O3), and the top deposited
layer is of Ppy composite material. Figure 6 shows the actual schematic diagram of an
interdigitated electrode configuration for sensor application in more details. Where, E1 and
E2 are the two electrodes to connect this thin film structure with the interfacing module.
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Figure 5. Cross-sectional view of the newly fabricated Ppy composite thin film resistive-type
humidity sensor.

14 mm

A 4

Pl
)

3 mm 021 mm 021lmm 2mm 3mm

Figure 6. Actual schematic configuration of interdigitated electrodes in the newly fabricated thin film sensor for measuring

humidity (top view).

3. Results and Discussion
3.1. Stability and Repeatability

Figure 3 shows the response (rise) and recovery (fall) times of this newly fabricated Ppy
humidity sensor, which both are the same as 128 s at room temperature when fluctuating
between humidification and dehumidification values of 30% and of 90% RH occurred,
respectively. The performance and efficiency of the sensor as a resistance function at
different frequencies (e.g., ranging from 100 Hz to 100 KHz) are measured and are plotted
too. The stability and the repeatability of this Ppy composite sensor has been verified
up to five cycles of multiple repetitions and at different frequencies of 100 Hz, 500 Hz,
1 KHz, 10 KHz, and lastly at 100 KHz. This presents that the newly fabricated Ppy
based resistive-type thin film sensor is exhibiting an excellent stability and repeatability
performance behavior for repeated cycle of experiments. Figure 3 also shows that the
Ppy based composite thin film sensor values are more responsive and sensitive at lower
frequencies such as 100 and 500 Hz, and are less responsive and insensitive at higher
frequencies of 10 and 100 KHz.
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3.2. Capacitance verses Humidity

The plot comprising the capacitance verses % RH of the newly fabricated device was
also obtained and is shown in Figure 7. Figure 7 shows notable variations in the capacitance
with increasing % RH levels at five different operating frequencies (e.g., Freq 1 = 100 Hz,
Freq 2 = 500 Hz, Freq 3 = 1 KHz, Freq 4 = 10 KHz, and Freq 5 = 100 KHz) at constant
electrical potential of 1 volt. This can be confirmed that our plotted response behavior is
in accordance with the previous research results as explained in [61]. It is obvious from
Figure 7 that the changes in capacitance values are directly dependent on the operating
frequencies. Additionally, it can be noted from the Figure 7 that the capacitance values
change linearly with a change in % RH at a lower frequency of 100 Hz, starting from 60%
RH. Capacitance values become constant for higher operating frequencies, such as 10 and
100 KHz.
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Figure 7. Capacitive verses % RH response of Ppy composite based thin film sensor at five different
frequencies and 1 volt.

It is further revealed from the Figure 7 that the sensor values remain more responsive
and sensitive at lower frequencies and less responsive and insensitive at higher frequen-
cies of 100 and 100 KHz, respectively. Less responsive and insensitive behaviors can be
associated with the weak polarization of Ppy composite thin film molecules. Furthermore,
highest values of sensitivity for this thin film Ppy composite sensor could be obtained
at 1 V (Vrms) and frequencies equal to or lower than 100 Hz. However, low operating
frequencies are associated with some problems such as humidity sensor stability and
repeatability. That is why, humidity sensors should not be operated at lower frequencies
to avoid bad response. So there exists a tradeoff between these sensor’s performance
parameters. Figure 7 also proves that when % RH values increase, the water molecules
adsorbed by the Ppy composite thin film also increases, and subsequently capacitance of
the sensor also increases.

Figure 8 shows the magnified capacitive verses % RH response of the Figure 7. Figure 8
shows that the above discussed linear behavior is more obvious from 60% to 90% RH of
humidity values and at the lowest operating frequency of 100 Hz. This illustrate that the
newly fabricated Ppy composite thin film sensor response is more active and accurate in
this range. This also confirms that the changes in the capacitance values are more significant
at lower frequencies (i.e., lower than or equal to 100 Hz) than at higher frequencies (i.e.,
higher than 100 Hz).
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Figure 8. Magnified capacitive verses % RH response of Ppy composite based thin film sensor from
60% to 90% humidity range and showing linear behavior for a lower frequency of 100 Hz.

3.3. Resistance verses Humidity

Subsequently, the newly fabricated device was placed in the humidity test chamber
again and the resistance verses % RH values of the device were obtained for the same oper-
ating frequencies (i.e., Freq 1 = 100 Hz, Freq 2 = 500 Hz, Freq 3 = 1 KHz, Freq 4 = 10 KHz,
and Freq 5 = 100 KHz) and at a constant 1 volt. Figure 9 shows the variations in the
electrical resistivity as a function of % RH of this resistive-type thin film structure. In
general, it is noted that when the % RH increases, the sensor resistivity decreases for all
values of the operating frequencies, which in turns increases conductivity of the sensor.
It can be predicted that when % RH increases, it provides larger amount of energy to
electrons present in the valence band of the sensor material. These higher energy electrons
jump to the conduction band and results an increase in the conductivity and decrease in
the resistivity. It could be assumed that the thermal curling process will affects the Ppy
composite chain alignment, which can decrease the resistivity of this thin film structure.
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Figure 9. Resistance verses % RH response of Ppy composite based thin film sensor at five different
frequencies and 1 volt.
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It can be carefully observed that when the value of % RH rises then the value of
resistance reduces in an exponential form (as discussed in [61]) for lower values of operating
frequencies, such as at 100 Hz, and that an inverse relationship exists between these two
parameters. Additionally, the response behavior looks slower and less sensitive for higher
values of frequencies, such as at 100 KHz.

3.4. Hysteresis of Ppy Thin Film Sensor

A hysteresis plot is another important feature among several others of humidity
detection sensors which highlights their performance and various other properties. It
shows a lag between humidification and dehumidification of the Ppy composite thin film
sensor in Figure 10. To observe the hysteresis behavior of the sensor’s humidification
and dehumidification, cycle curves in form of a resistance verses time plot on 100 Hz of
maximum operating frequency has been drawn. It can be observed that the humidity level
was first increased from 12 to 90% RH in smaller steps of % RH and then was decreased
down to 12% RH again.

1.1M

1.0M 4 |—— Dehumidification curve
900.0k { |—*— Humidification curve

800.0k
700.0k -
600.0k -
500.0K -
400.0k
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0.0 1

-100.0k _— —
0 10 20 30 40 50 60 70 80 90 100
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Figure 10. Resistance verses % RH graph showing humidification and dehumidification hysteresis
cyclic curve at a lower frequency of 100 Hz and at 1 volt.

Reverse

Resistance (ohms)

Forward

This plot shows that during the humidification curve (i.e., forward curve) the value of
resistance increases with an increase in time. In the same way, during the dehumidification
curve (i.e., reverse curve) the value of resistance decreases with a decrease in time. In
such types of ideal cases, it can be stated that the forward process and reverse process
are almost identical to each other with a minimum hysteresis loss value, this in turn also
demonstrates that the stability performance of the sensor is reliable and can be used for
application purposes.

3.5. Real-Time Humidity Response of the Sensor

Real-time visualization of humidity values of the sensor plays an important role in the
final verification process. Figure S5 is showing the real-time humidity response behavior
of this Ppy composite based thin film sensor for a time period of two days as measured on
26 December 2020 and 27 December 2020. The newly fabricated sensor was thoroughly
tested for various temperature ranges, and it showed a promising response even at higher
temperatures too, i.e., 100 °C.
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3.6. Equivalent Circuit Diagrams of Ppy Composite Sensor

Schematic diagrams of Ppy composite polymer resistive-type thin film sensors (of
alumina as IDEs and Ppy as deposited surface) in a detailed and equivalent form are
drawn in Figure 11a,b, respectively. In Figure 11a, C,;, and R;;, denote the capacitance and
resistance due to the dielectric of air occupied in the pore area. The Cpp, and Rppy, give the
capacitance and resistance due to the dielectric of Ppy composite itself when exposed to the
surrounding environmental parameters such as relative humidity, light, and temperature,
respectively. The capacitance, Cgjjer, and resistance, Ry, are due to the dielectric of the
silver substrate. As, the electrical properties of Ppy thin film are dominant over other
materials properties, that is why the capacitance and resistance properties of the PPy are
only taken into account, and an equivalent circuit has been drawn in Figure 11b.

O
Rair Rrpy Risitver Cair Crpy —— Cilver
O
@
\
Repy —_— Crpy
\
(®)

Figure 11. (a) Detailed schematic diagram of electrical equivalent circuit of Ppy composite thin film
sensor and (b) simplified schematic diagram of electrical equivalent circuit of Ppy composite thin
film sensor.

4. Conclusions and Future Recommendations

An organic polymer based polypyrrole composite material (a mixture of polypyrrole,
polypyrrole-NiO, polypyrrole-CeO,, and polypyrrole-Nb,Os) has been synthesized and an-
alyzed for the design and fabrication purposes of a novel resistive-type humidity detection
sensor. The polypyrrole samples with best morphological structure and properties were
incorporated on alumina interdigitated electrodes. The synthesized polypyrrole composite
has been treated at various temperatures, i.e., 100, 150, and 200 °C, respectively. It was
observed from the resistance verses % RH plot that if the % RH rise’s then the resistance
reduces exponentially. Additionally, a linear behavior was found between % RH and
capacitance values for lower range of operating frequencies. The FTIR spectrum of Ppy
composite is predicting the presence of hydroxyl (OH) by showing a very strong and broad
peak at 3299 cm~ 1.

TGA/TDA analysis was also applied to estimate the thermal stability of Ppy compos-
ite, and it was noted that the thermal stability of Ppy composite attained at approximately
250 °C. It was further found at a temperature of 100 °C, that FTIR analysis of Ppy com-
posite shows that all peaks of Ppy were present in the FTIR spectra except for the water
molecules. Furthermore, the experimental result proves that the polypyrrole composite
shows a reasonable best efficiency and performance at a temperature of 100 °C. So, this
sensor is best suited for such temperature environment applications.

The plots show that this is a good resistive-type humidity detection device in the
relative humidity range of 30% to 90%. The response and recovery times of this newly
fabricated humidity sensor were measured to be the same as 128 s at room temperature
when fluctuating between humidification of 30% and dehumidification of 90% in RH
occurred. Additionally, the stability and the repeatability of this Ppy sensor were verified
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up to 5 cycles of multiple repetitions. It is indicated that this sensor is capable of measuring
humidity levels above 30% and below 90% and with full scale recovery. This presents an
excellent stability and repeatability performance of the sensor.

Ppy and its composites-based sensors have various potential applications, such as
in tissue engineering, instrumentation, agriculture, automated industrial manufacturing
processes and energy storage devices, etc. Ppy can also be used as a polyelectrolyte-based
type resistive sensor because of its hydrophilic nature. By applying further optimization
techniques, a continuous, homogenous, and a highly porous Ppy can be obtained which
has numerous other benefits. Additionally, doping of Ppy and by adjusting the efficiency
(e.g., recovery and response time) of the synthesized Ppy, performance of IDE sensors can
considerably be improved.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/polym13183019/s1, Figure S1: Polypyrrole polymerization scheme (a): Generation of free
cation radical, (b): polymer chain propagation, (c): formation of a polymer chain, Figure S2: Types
of bonds in natural state in the benzenoid structure of Polypyrrole (a): aromatic, (b): quinonoid
structure, Figure S3: Correlation among dew /frost point, PPMv, and % RH, Figure S4: FTIR spectra
of Ppy composite, Figure S5: Real-time humidity values of the sensor.
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