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Herein, surfactant-assisted PANI nanorods were synthesized via the solid-state synthesis method at
different concentrations of sodium lauryl sulfate (SLS). Upon the addition of SLS, the average rod
diameter of PANI decreased from 72 + 6 nm to 58 + 6 nm. The electrical conductivity of PANI
increased three-fold upon the addition of SLS (8.2 S cm™). Furthermore, the presence of SLS modulated
the PANI chains, which facilitated the enhancement of the thermal stability. A PANI/SLS-based humidity
sensor was built on a paper substrate through the doctor blade coating technique and its performance
metrics were accessed under different humidity conditions. The PANI/SLS coated paper-based humidity
sensor exhibited excellent response along with fast response/recovery characteristics. SLS assisted PANI
nanorods having an improved electrical conductivity and high surface area readily interacted with water
molecules, which significantly increased the sensitivity of the sensor up to 31.5 kQ/%RH (linearity =
0.99). Furthermore, the sensor showed excellent response under physiological conditions such as
respiration monitoring and skin moisture detection. The ultrasensitive humidity sensing performance of
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PANI/SLS coated paper with good skin-friendly characteristics makes it a potential material for
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1. Introduction

Humidity sensing is essential to monitor, detect and control
the conditions related to food storage, electronic devices,
medical industries and wearable devices appropriate for
physiological conditions in our daily life. Recently, humidity
sensors showed tremendous potential in wearable devices for
respiration monitoring and body moisture detection.'”
Humidity sensors should possess high sensitivity, fast response
and recovery, high selectivity, stability, and low cost with
simple design and installation to meet the requirements for
different applications. Various materials, including metal
oxides, semiconductors, polymers, and their composites, have
been explored as active materials for humidity sensors to
achieve the requirements.* Different measurement principles
such as capacitance, impedance, resistance, voltage, and dielectric
constant have been adopted to read out the humidity sensor
output.>® Graphene-based humidity sensors demonstrated tre-
mendous potential for humidity sensing. However, graphene
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multipurpose smart wearable devices.

often struggles to recover fast due to its poor desorption
characteristics and high susceptibility to temperature change,
thus hindering its practical implementation.”® Recently, flexible
humidity sensors with good electrical properties have become a
central focus due to their light weight, easy handling and the fact
that they can be attached to various complex parts. Polymer-based
humidity sensors with an affinity for water molecules from
hydrophilic functional groups are seen as the most feasible
humidity sensors due to their high flexibility, low cost, and high
mechanical stability.> ™!

Conducting polymers, especially polyaniline (PANI), have
received significant attention due to their inexpensive
monomer, ease of preparation, high yield and environmental
stability.’>'* PANI has shown great potential in applications
such as electronics, corrosion protection layers, chemical
sensors, anti-microbial coatings etc.'* The electrical properties
of PANI can be modulated by changing its oxidation state and
protonation of the amine group since the electrical conductivity
of PANI depends on the mobility of charge carriers and the
hopping mechanism between the PANI chains along with the
concentration of charge carriers. Hence, water molecules could
alter the charge mobility, thereby fluctuating its electrical
conductivity, which makes it an active material for humidity

sensors.””™"” Despite the several feasible characteristics, PANI

© 2022 The Author(s). Published by the Royal Society of Chemistry
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has limited its practical application due to its poor mechanical
strength, solubility and sensing response characteristics."® To
encounter this, PANI is often used in the form of blends,
composites and doped forms. Tungsten disulfide,'® titanium
dioxide,*® silver,” zinc oxide,®® nickel oxide,>® poly(vinyl
alcohol),™ chitin** etc. have been used with PANI to tune the
physical and chemical properties and to enhance the humidity
sensing performance. On the other hand, surfactants and dyes
including sodium lauryl sulfate (SLS), cetyltrimethylammonium
bromide,”> dodecylbenzenesulfonic acid,*® Triton X-100,%”
orange dye®® etc., have been used as doping agents to enhance
the electrical conductivity and tune the morphology of PANI.
SLS doped PANI increased the electrical properties by 200%
compared with pure PANL?*® Hydrophobically end-capped poly-
(ethylene oxide) was used as a polymer surfactant to tune the
morphology and crystallinity of PANI. Polymerization of aniline
monomers occurs at the micelle-water interface and the surfac-
tant acts as a steric stabilizer.** Triton X-100 surfactant-assisted
PANI prepared without shaking or stirring showed homogenous
and consistent PANI nanofibers along with increased electrical
conductivity.”” An orange dye-doped PANI-based impedance
sensor in the relative humidity range of 30-90% showed a
uniform impedance-humidity relationship. Furthermore,
annealed samples showed an increase in the sensitivity.**
However, the low electrical conductivity and reversible humidity
sensing effect of PANI under high humidity conditions hindered
its practical use. Also, PANI sensors display poor reproducibility
and stability upon repeated exposure to humidity.*?

Despite several studies on the surfactant doped PANI, there
are no reports to our best knowledge in which the effects of
surfactants on the humidity sensing characteristics of PANI
have been investigated. Among various surfactants, an anionic
surfactant such as SLS can tune the morphology, electrical
properties and crystallinity of PANI, which could be beneficial
for humidity sensor performance.**** Due to the brittle
characteristics of PANI, it is difficult to prepare it in the form
of thin films. Furthermore, coating PANI on ceramic substrates
is expensive and requires a high precision process.*>*® In
addition, the flexibility of PANI based sensors is rather crucial
for practical implementation especially for wearable devices.
Hence, highly porous cellulose paper could be a better
alternative to ceramic based substrates. Paper is readily
available, and has several advantages, including low-cost, light
weight, chemically stable, high porosity, flexible, easy installa-
tion and handling.?”*® On the other hand, application of thin
films on paper substrates using the doctor blade technique is
rather a simple and inexpensive process, which is suitable for
large scale production.®*° The flexibility and porosity of paper
and good humidity sensing capabilities of PANI with a facile
process could make it a potential material for wearable
electronics. Also, use of screen printed electrodes on the paper
prevents any kind of disruption in the resistance signals.

With the above motivation, we have synthesized SLS-assisted
PANI (PANI/SLS-X) via a solid-state synthesis method and
subsequently applied it in developing a highly sensitive humidity
sensor. Furthermore, a detailed investigation has been carried
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out to probe the effect of SLS loading on the PANI’s morphology,
electrical properties and thermal stability. Besides, the chemical
interaction between SLS and PANI was also studied. Finally, a
PANI/SLS-X coated paper-based humidity sensor was developed
and its in detail performance characteristics were investigated.
Furthermore, the sensor was integrated within the wearable
mask to monitor human respiration.

2. Materials and methods

2.1. Chemicals used

Aniline, hydrochloric acid (HCl, fuming/concentrated) and
ammonium persulfate (APS) were purchased from Roth Che-
micals (Germany). SLS with a purity of >99% was purchased
from Sigma-Aldrich (Austria). All the chemicals were used as
received without further purification.

2.2. Preparation of SLS assisted-PANI

PANI was synthesised in an ice-cooled porcelain mortar con-
taining 3 ml of HCI followed by the dropwise addition of 3 ml of
aniline. After slowly stirring the reactants for a minute, the
remaining chemicals were added (SLS and APS (5.71 g, 0.4 M) in
the given order) until the mixture turned into a thick white
paste. Constant stirring resulted in the mixture turning into a
dark green color paste. A green precipitate was collected from
the mortar and washed several times with ethanol and
deionized water until the solution became colorless and the
pH value turns neutral. The wet product was placed in a Petri
dish and dried in an oven at 60 °C for 12 h. The final product of
PANI/SLS was collected as a fine powder. This process was
carried out several times for each of the six different variants of
synthesized PANI, using a varying amount of SLS (0, 0.125, 0.25,
0.5, and 0.75 g).

The terminology used in this study is “PANI/SLS-X,” where X
may be 0, 0.125, 0.25, 0.5, and 0.75 g of SLS used during the
synthesis of PANI nanorods.

2.3. Characterization techniques

Fourier-transform infrared (FTIR) spectroscopy (Bruker Tensor
27, Germany) was used to record the spectra of PANI/SLS-X
nanorods. Analysis was carried out in the ATR-mode in the
wavenumber range of 4000-600 cm™ " at a spectral resolution of
4 cm™". Differential scanning calorimetry (DSC) (822e-Mettler
Toledo, USA.) was used to confirm PANI formation and its
thermal characteristics. The test was carried out in the tem-
perature range of 25-350 °C at a heating rate of 10 °C min .
Thermogravimetric analysis (TGA) (Q5000 TA instruments,
USA) was carried out to study the thermal characteristics of
PANI/SLS nanorods in the temperature range of 25-800 °C at a
heating rate of 10 °C min ™. The electrical properties of PANI/
SLS nanorods were studied using a four-probe conductivity
meter (Ossila Instruments, UK). The sample pellets were pre-
pared using a pellet-pressing machine. The distance between
the probes was kept at 2 mm during the test.
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The resistivity of PANI/SLS nanorods was determined using
eqn (1).

V
p= 2a7cs7 (1)

where V = voltage (mV), I = current (mA), a = thickness
correction factor and s = the distance between the probes.
The thickness correction factor is given by:

t m
a=K(3) @)
S
where K is the correction factor based on the ratio of probe
spacing to the diameter of the specimen, m is the slope, ¢ is the
thickness of the pellet, and s is the distance between the
probes.

High-resolution transmission electron microscopy (HRTEM)
(Jeol/JEM 2100, Japan) was carried out to study the morphological
properties of PANI/SLS-X nanorods. For HRTEM analysis, PANI/
SLS-X was dispersed in ethanol using an ultrasonication process
for 2 h at 20 °C. The dispersion was directly coated onto a carbon-
coated copper grid followed by drying in the oven for 12 h at 50 °C.
Energy-dispersive X-ray spectroscopy (EDS) was carried out to
study the morphology and elemental composition of PANI/SLS-X.

2.4. Fabrication of a polyaniline-coated paper sensor

PANI/SLS-X nanorods were coated onto a highly porous cellulose
paper. A mixture of polyethylene glycol and PANI/SLS nanorods
were prepared in deionized water. PANI/SLS-X nanorods and
polyethylene glycol were mixed in a ratio of 4:1. Polyethylene
glycol was used as a binder for PANI nanorods. Subsequently, the
mixture was coated onto highly porous paper and dried at 40 °C.
The resultant coating was in the form of a thin film of size
30 mm X 15 mm X 0.1 mm. Interdigitated silver electrodes were
printed on the cellulose paper beneath the coating. The sensor
was connected to a digital resistance meter (Benning Electronics,

View Article Online
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Austria) through highly conductive silver wires. A schematic
illustration of the humidity sensing setup is shown in Fig. 1.

3. Results and discussion

3.1. Morphological studies

Fig. 2a shows the HRTEM image of pure PANI prepared via the
solid-state synthesis method. A typical short PANI nanorod
morphology was observed, commonly achieved using HCI as
a doping agent. The average diameter of the nanorods was 72 +
8 nm and the average nanorod length was ~290 nm. Under
high acidic conditions, the acid-base reaction that occurs with
the aniline molecules leads to the formation of anilinium
micelles. It is a well-known fact that the HCI concentration
plays a vital role in forming the homogenous PANI nanorod-like
morphology. Use of an equal ratio of HCI and aniline facilitates
the transformation of the aniline monomers into anilium
micelles. These micelles convert from spherical particles to a
rod-like structure in the presence of Cl™ ions due to electrostatic
reactions between the chlorine anion and quinoid imine and the
interaction between benzenoid imine and water present in the
dopant. The rod-like morphology with nano dimensions is
highly desirable for humidity sensing as humidity sensing
involves high surface interactions with water molecules.***™*?
Upon the inclusion of SLS, a noticeable change in the
morphology was observed. A branched PANI nanorod morphology
was observed upon the addition of SLS (Fig. 2b). On the other
hand, the rod diameter decreased (ARD: 58 + 6 nm) when
compared with the pure PANI nanorods. Also, the length of the
rod increased to ~560 nm, which provides excellent surface area.
Upon a further increase in the SLS loading, nanorods with rough
surfaces were formed, indicating the secondary growth of PANI
(Fig. 2c). For PANI/SLS-0.75, ARD increased to 121 + 21 nm and
the rod length increased to 910 £ 77 nm. The high loading of SLS
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Fig. 1 Schematic illustration of the setup used for the evaluation of humidity performance.
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Fig. 2 HRTEM images of (a) PANI/SLS-0.0; (b) PANI/SLS-0.25; and (c) PANI/SLS-0.75.

promoted heterogeneous growth, promoting the formation of a
thick rod-like morphology and agglomerated structure.**™°

Table 1 shows the elemental composition of PANI/SLS-0.0
and PANI/SLS-0.25. Elements including carbon, nitrogen and
oxygen were observed, which are considered to be the key
elements of interest of PANI. In the presence of SLS, the
nitrogen composition decreased while the oxygen and carbon
compositions increased. Furthermore, trace amounts of
chlorine and sulfur were detected, attributed to the byproduct
of APS and HCI. Interestingly, the total yield increased with the
addition of SLS. The highest yield of 56.2% was achieved for
PANI nanorods loaded with 0.25 g of SLS.

SLS has a longer alkyl chain, which has a better solubilization
effect that readily provides a platform for aniline molecules to
grow into a 1D nanostructure (Fig. 3). Furthermore, the SLS
molecules can stabilize the polyaniline nanostructure. On the
other hand, with the hydrogen bonding interaction between the
oxygen atom of SLS and the PANI nanorods, SLS molecules
get easily attached to the surface of the PANI nanorods.
The presence of SLS molecules on the surface of the PANI
nanorods may further stabilize the nanostructure.®**”

3.2. FTIR analysis

Fig. 4a shows the FTIR spectra of PANI/SLS-X at different
loadings of SLS. Bands arising at 1563 and 1482 cm™ ", respectively,
assigned to the C—C stretching of quinoid and benzenoid rings,
which can be used to quantify the oxidization state of PANI. The
band at 1373 em ™", a typical signature band for the emeraldine
base PANI, corresponds to C-N stretching vibration. The band at
1292 em ™! corresponds to the m-electron delocalization induced in
the PANI chains due to protonation. Also, the band arising at

Table1l Elemental composition (wt%) of PANI and PANI/SLS-X at different
loadings of SLS

Sample C(%) N(%) O(%) Cl(%) S(%) Yield (%)
PANI/SLS-0 51.6 28.5 15.1 1.8 0.8 48.5
PANI/SLS-0.125  48.3 21 20.1 2.8 1.71 54.1
PANI/SLS-0.25 51.4 14.2 20.9 4.3 2.1 56.2
PANI/SLS-0.50 49.1 16.5 19.1 4.5 2.9 50.6
PANI/SLS-0.75 54.2 20 19.8 4.1 3.3 44.2

© 2022 The Author(s). Published by the Royal Society of Chemistry
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1237 cm™  is ascribed to the characteristic of the protonated
PANI and relates to the C-N stretching vibration. A broadband
at ~1145 cm ' was assigned to the -NH" vibration mode,
attributed to the charged polymer units (Q = NH'-B or B-NH'-
B). The presence of a band at 1145 cm ™" indicates the presence
of positive charges on the PANI chain and the distribution of
dihedral angle between the quinoid nad benzenoid rings.
The band absorption at 1145 cm ™" increased with the addition
of SLS indicates the increase in the protonation level of the
PANI chains. Also, the band at 1030 cm ™" corresponding to the
symmetric SO3~ stretching on a sulfonated aromatic ring
contributes to the protonation level of PANI chains. The band
at ~880 cm ' indicates the protonated form of PANI. This
band intensity was pronounced upon the addition of SLS. The
band arising at 780-795 cm™ " may be ascribed to the higher
form of polaronic delocalization of the PANI nanorods with a
larger molar ratio. From the FTIR spectrum, it is apparent that
the characteristic bands are ascribed to PANI. Similar bands
were observed for the surfactant assisted PANI nanorods. Upon
the addition of SLS, the position of the characteristics bands of
PANI shifted slightly. The shift in the band position includes
1563 cm™ ' to 1555 cm ™ '; 1482 to 1476 cm ™ '; 1292 to 1288 and
795 to 784 cm™ . Also, the band at 3221 cm™" corresponds to
the N-H stretching vibration shifted to a lower wavenumber,
suggesting a strong interaction of PANI chains with the SLS
molecules (Fig. 4b).**° The intensity ratio of bands at
1563 and 1482 cm™ " indicates the degree of the oxidation state,
which helps in predicting the electrical properties of PANI. The
intensity ratio was determined by deconvoluting the bands. The
intensity ratio values were 0.66 for PANI/SLS-0.0, which
increased to 0.79, 0.9, 0.86, 0.75 and 0.7 for 0.125, 0.25, 0.50
and 0.75 g of SLS loaded PANI nanorods, respectively. The value
of the intensity ratio less than 1 suggests that there are more
benzene rings in the PANI chain. An intensity ratio value of 1.0
indicates that PANI can have higher electrical conductivity.*">
From the above values, it can be predicted that PANI/SLS-025
could possess high electrical conductivity.

3.3. TGA and DSC analysis

Fig. 5a shows the TGA curves of PANI/SLS-X at different SLS
loadings in the temperature range of 25 to 900 °C. The weight
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Fig. 3 Schematic illustration of the synthesis mechanism of PANI nanorods in the presence of SLS.
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Fig. 4 FTIR spectra of (a) PANI/SLS-X at different loadings of SLS in the wavenumber range of 1800-600 cm™*; (b) FTIR spectra in the wavenumber
range of 3500-3000 cm™! illustrating the band shift related to N—H stretching vibration.

loss of the product took place mainly in three stages. First,
initial weight loss (10%) initiated around 90 °C, which could be
ascribed to loss of moisture absorbed in the PANI followed by
the loss due to unreacted monomers that continued up to
~200 °C. The weight loss could also be attributed to the
uninteracted SLS particles, which can be removed easily by
thermal treatment. The second significant weight loss (40%)
took place in the temperature range of 200-450 °C, which can
be associated with the initiation of PANI chains break into
small aromatic fragments. Also, the weight loss could be
associated with the water-linked PANI structure, which acts as
a secondary dopant. Finally, further weight loss is due to
the complete elimination and decarboxylation of aromatic
fragments along with the release of CO,, decomposition of
aromatic fragments and graphitization above 650 °C. It is

1808 | Mater. Adv, 2022, 3,1804-1815

noteworthy that PANI degradation was delayed upon increasing
the SLS loading. Fascinatingly, PANI/SLS-0.50 and PANI/SLS-0.75
show a maximum of 60% weight loss even after 900 °C. In the
initial stages, the weight loss at low temperature was significant in
PANI when loaded with SLS, while in the latter stage, the
degradation temperature increased. Therefore, the addition of
SLS apparently blocked the thermal transition at elevated
temperatures. Also, the presence of more benzenoid rings than
the quinoid ring in surfactant assisted PANI nanorods improved
the thermal stability. Furthermore, SLS has a symmetric double
bond in its structure (O—S—O) might have facilitated the
improvement of the thermal stability. A similar enhancement in
the thermal stability was reported elsewhere.>>* However, the
exact mechanism for thermal stability enhancement is still
unclear.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 PANI/SLS-X at different SLS loadings. (a) TGA curves and (b) DSC curves.

Fig. 5b shows DSC curves of PANI/SLS-X at different SLS
loadings. An intense endothermic peak around ~150 °C was
observed for pure PANI associated with the evaporation of
moisture, which was also evident from TGA. A broad endo-
thermic peak, which initiates at 200 °C, goes up to 340 °C. The
peak arising at ~240 °C is ascribed to the elimination of water
linked to the PANI chain as a secondary dopant. The peak at
285 °C could be attributed to the loss of the dopant, which
weakened upon the addition of SLS. Above 300 °C, the
endothermic process is ascribed to the initiation of chain
scission of PANI chains into small aromatic fragments.
These results are in line with the TGA results.>*™”

3.4. Electrical properties

Fig. 6a shows the I-V characteristics of PANI/SLS-X at different
loadings of SLS. All curves show a linear trend suggesting
that the electrical conductivity of PANI/SLS-X shows Ohmic
behavior. Upon the application of an electric field, the formation
of charges rises significantly, which contributes to an increase
in electric voltage while gradually increasing the current.
The results clearly indicated that as the SLS content increased,
the electrical conductivity of PANI was found to increase

200
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(Fig. 6b). However, after reaching the maximum electrical
conductivity with optimum SLS loading, with a further increase
in the SLS loading, a drastic decrease in the electrical conduc-
tivity was observed. The decrease in the electrical conductivity at
higher loading of SLS could be attributed to the restrictions of
the carrier transport between the adjacent conjugated chains of
PANLI. The highest electrical conductivity was obtained for PANI-
SLS-0.25, which is thrice the electrical conductivity of pure PANI
nanorods. The above results indicate that the SLS assisted PANI
showed higher electrical conductivity, which could be attributed
to the increase in the ionic strength upon the inclusion of SLS as
a donor ionic agent. Furthermore, the crystallinity and decrease
in PANI nanorod size upon the inclusion of SLS might have
contributed to the enhancement of electrical conductivity.
Overall, SLS effectively acted as a protonation agent, which leads
to an increase in the electrical properties of PANI by forming an
anilium/SLS compound.?>876°

3.5. Humidity sensing

For humidity sensing, the sensor was kept in a glass-sealed test
chamber. The relative humidity inside the chamber was
maintained using a dry and moist air inflow, controlled by
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Fig. 6 PANI/SLS-X at different SLS loadings. (a) V—/ characteristics; (b) electrical conductivity.
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two valves. The relative humidity was monitored using a high-
precision humidity tester (Testo 176 H1, Austria). The response
and recovery of the sensor were recorded using a digital
resistance meter, which was connected to a computer. The
response of the sensor was taken as R% and calculated as
follows:

%R:%xloozﬂ

1 1

x 100 (3)

Here, R; and Ry are the resistance of the sensor under initial and
moist conditions, respectively, and change in the electrical
resistance of the sensor (AR) is taken as the difference between
R; and Ry. The sensitivity of the sensor was determined using
the slope of the response curve under different humidity
conditions.

Fig. 7a shows the dynamic change in the sensor (PANI/SLS-0.25)
electrical resistance as a function of relative humidity (5-90%) at
23 °C. The electrical resistance of the sensor decreased with the
increase in the relative humidity values. Note that the sensor
response was stable at a humidity level above 10%, while at
<10%, the response of the sensor was ambiguous. The decrease
in the electrical resistance with an increase in relative humidity
indicates the p-type semiconducting behavior of the sensor.
Besides, the sensor was also investigated for its hysteresis
characteristics. The humidity was increased from 5% to 90% and
then reduced stepwise back to 9% to investigate the adsorption
and desorption characteristics. The desorption curve was
slightly delayed compared with the adsorption curve, which could
be attributed to the slower recovery of the sensor. However,
the difference in the adsorption and desorption curves was
insignificant. The adsorption and desorption curves coincide
within an error of +1.5%. The repeatability and response-
recovery time of the sensor were also evaluated by varying the
humidity between 32% and 65% (Fig. 7b).

Interestingly, the resistance of the sensor promptly
responded with the variation in the humidity conditions.
The response time of the sensor was estimated as 18 s, while
the recovery time was ~ 35 s. The recovery of the sensor from the
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20 RH% 18 RH%
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c 35RH%
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@
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high humidity level to low humidity level is sluggish. The
response and recovery time of the sensor are illustrated in
Fig. S1 (ESIt). The phenomenon could suggest that water
molecules penetrated in the PANI chains and held tightly
between the intervenes of the cellulose fibers (paper substrate).
A more significant number of water molecules are absorbed
under high humidity conditions, making it difficult to remove
from the sensor’s surface. The cyclic test of the sensor exhibited
the response and recovery curve, suggesting good repeatability of
the sensor. The good repeatability of the sensor could be
attributed to the rapid protonation and deprotonation of the
PANI chains upon interacting with the water molecules. Besides,
the humidity sensor response of the PANI/SLS-X coated
paper sensor at different loadings of SLS was also investigated.
Furthermore, the sensor showed excellent durability and long
term stability (Fig. S2, ESIt).

The sensor response (R%) was determined using eqn (3) and
plotted as a function of relative humidity (Fig. 8). The response
of the sensor increased with the increase in the relative
humidity level. A slight non-linear response was observed
under low relative humidity conditions, which could be attrib-
uted to the inadequate response of the sensor. Nevertheless,
the sensor displayed good linearity under higher humidity
conditions (>10%). The linearity value of the PANI/SLS-X based
paper sensor was determined by determining the correlation
coefficient (R®) of response vs. relative humidity. For PANI/SLS-
0.0, a R* value of 0.87 was attained, while it increased to 0.90,
0.98, 0.89 and 0.78 for 0.125 g, 0.25 g, 0.50 g and 0.75 g of SLS
assisted PANI nanorods, respectively.

Sensors with PANI/SLS-0.125 and PANI/SLS-0.25 showed
excellent response compared to other configurations. For pure
PANI, the response of the sensor was 70%, which increased
to 459% and 588% for PANI/SLS-0.125 and PANI/SLS-0.25,
respectively. A further increase in the SLS loading showed a
decrease in the sensor response. The increase in sensor
response is attributed to the increase in the absorption of the
water molecules, subsequently followed by the augmentation of
the charge concentration due to PANI doping. The increase in

2500
32 RH%
) == -
2000 |”] 1 Fﬂ ﬂ % f f
g
£
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c
3
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Fig. 7 PANI/SLS-0.25 coated paper sensor. (a) Resistance change as a function of relative humidity; (b) response and recovery curves at a relative

humidity varying from 32% to 65%.
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100

the response subsequently showed an increase in the sensitivity
of the sensor. The highest sensitivity of 31.5 kQ/RH% was
achieved for the PANI/SLS-0.25 based sensor, which was ~6
fold higher compared with PANI/SLS-0.0. A comparative study
with other PANI based humidity sensors was carried out, which
depicts the excellent sensing properties of the PANI/SLS coated
paper sensor (Table 2).

The emeraldine base form of PANI exists in a partially
oxidized form of the structure, which can be protonated due
to the unbound electron pair on the N-atom. When the H,0O
molecules interact with the PANI chain, the electrical conduc-
tivity increases, attributed to the hopping mechanism. As a
result, the electrons moved from the reduced state (protonated)
to the oxidized form (eqn (4) and (5)). The H,O molecules play
an essential role in the process and the reaction of proton
transfer to the H,O molecules is given in eqn (6).”"”> Hence,
the hopping of the hydronium ions across the layers of H,O
molecules is a major cause in the conduction process. Thus,
the reaction makes the PANI chains sensitive to humidity

View Article Online
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conditions. However, this mechanism does not hold good at
higher humidity levels (> 30%), which showed a sharp increase
in the sensor conductivity.

-NH- — -NH, - @)
-N=— -NH' = (5)

+ + _ +
-NH," - + H,0 - -NH" = +H;0 (6)

Another possibility is that when the sensor was exposed to
low humidity conditions, only a few H,O molecules are
available to interact with the PANI chains. The H,O molecules
are chemically absorbed on the activated surface of the PANI
chains, which is escorted by the dissociative mechanism of H,O
molecules to form hydroxyl groups. As a result, the hydroxyl
groups of H,O molecules adsorbed on metal cations available
on the grain surface and provide high charge carrier density
and electrostatic regions, thus offering transportable protons.
The protons are transferred from one site to another and
interact with the neighboring site (oxygen atoms) to form
hydroxyl groups. Under low humidity conditions, the adsorption
of H,O molecules occurs relatively at a lower rate, which
ultimately ends up in island-like structures. Thus, the distance
between active sites is significant, limiting the migration of the
protons leading to low electrical conduction of the sensor.
In contrast, at higher humidity levels, a chemisorbed layer is
formed and remains stable even after its continuous exposure to
humidity conditions. Once the chemical adsorption process is
completed, the succeeding H,O molecules interact with the
chemisorbed layer through the physisorption process to form a
hydroxyl multilayer (Fig. 9). Once the second layer is formed, the
successive H,O molecules adsorb through double hydrogen
bonding to two adjacent groups. Further exposure of the sensor
to the H,O molecules, the monolayer of the physisorption layer
stack, forms multiple layers. These layers are less organized than
the first physisorption layer and the H,O molecules may be
singly bonded to local hydrogens. As a result, a large number of
molecules are available on the surface; the single-bonded H,O
molecules become transportable and able to form unceasing

Table 2 Comparison of the PANI/SLS coated paper sensor with other reported humidity sensors based on PANI

Sample Method Detection range (%RH) Response (%) Sensitivity Ref.
PVA/PANI Film coating 17-91 78 — 61
PANI/Paper Rapid mixing and polymerization 16-96 — 9.79 kQ/%RH 62
PANI/PP In situ polymerization 0-100 35 — 32
PANI Rapid mixing polymerization 11.5-56 ~12 63
PANI/TiO, Spin coating 10-90 92 20
PANI/ZnO Spin coating 5-80 40 22
NiO/PANI In situ polymerization 5-90 ~13 7.9 kQ/%RH 23
PEO/PANI Electrospinning 22-97 ~99 64
PANI/PVB Electrospinning 11-98 75 kHz/%RH 65
Co/PANI Dip-coating 20-95 6 mV/%RH 66
PANI/TaS, In situ polymerization 10-97 97 67
PANI/TiO, In situ polymerization 25-95 84 68
PANI-Cr,0; In situ polymerization 20-95 87 69
Orange dye/PANI Drop casting 30-90 — — 31
PVA/PANI Sol-gel 25-90 12.6 kQ/%RH 70
PANI/SLS In situ polymerization 5-95 99.2 35.1 kQ/%RH This study

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Plausible mechanism depicting the sensing mechanism of the
PANI/SLS-X coated paper sensor.

dipoles and electrolyte layers between the electrodes. Therefore,
the sensor sensitivity increased sharply under high humidity
conditions due to an upsurge in the conductivity and dielectric
constant,*>¢7374

The response of the PANI/SLS coated paper sensor was also
investigated under the application of stress (pressure, bending
and twisting). As expected, the sensor did not show a signifi-
cant change in the resistance upon the application of stress
(Fig. S3, ESIt). The insignificant change could be due to the
weak stress transfer and poor elasticity of PANI and paper
substrates. Also, conductivity change is unreliable due to the
poor formation of the conductive network upon the application
of pressure.

However, the synthesized PANI can be further explored by
stacking the multiple layers of the sensor, which could sponta-
neously form microstructure air gaps between the layers, forming
a conductive network between the layers. Since we have explored
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PANI/SLS for humidity sensing performance using a single layer
of the sensor, we restricted the investigation to a single sensor
layer for pressure sensing.”>””” The poor sensitivity of the sensor
against different pressure conditions suggests excellent selectivity
of the sensor for humidity sensing. High sensitivity, selectivity,
repeatability, lightweight, ease of fabrication, improved electrical
properties and quick response along with low hysteresis could
make the PANI/SLS coated paper sensor a potential material for
humidity sensing application.

With the above motivation, we have attempted to explore the
humidity sensor for real-time monitoring. Monitoring of
respiratory and wearable capabilities could receive widespread
attention for the humidity sensor. Since, the respiration process
involves a substantial change in the water concentration, the
PANI/SLS coated paper sensor could be helpful for respiratory
monitoring. Fig. 10a shows the digital photograph of sensor
integration on the FFP3 mask (enlarged images showing the
integrated sensor and schematic of the arrangement of the
sensor). The sensor was covered with an extra layer using a
cotton cloth to prevent the sensor from contacting the skin.
It also ensures that no loose particles go into the mouth or nose
while breathing. During breathing, the temperature of the
sensor may vary from 3-5 °C during the inhaling and exhaling
processes. Therefore, we have tested the resistance change of
the sensor at different temperatures ranging from 25-40 °C.
Interestingly, the sensor exhibited negligible resistance change
to varying the temperature from 25-40 °C. As mentioned above,
the influence of pressure had a negligible effect on the sensor
response. Therefore, we can conclude that the PANI/SLS based
paper sensor is highly selective for humidity sensing,
which makes it worthy of implementation for the respiration
monitoring system. Fig. 10b and c¢ show the response signal of
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(a) Digital photograph depicting the sensor embedded into the mask (enlarged section illustrates the sensor and its assembly); response of the

PANI/SLS-0.25 coated paper sensor; (b) normal breathing; (c) deep breathing; and (d) mouth breathing.
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Fig. 11 Variation in response of the PANI/SLS-0.25 coated paper sensor
to different skin moisture conditions (inset: sensor attached to the skin
onto the human skin).

the PANI/SLS-0.25 based paper sensor for normal breathing
(10 breathes per minute) and fast breathing (15 breathes per
minute). The sensor exhibited a distinct response for normal
and fast breathing. When the volunteer inhales, the resistance
increased, while the resistance decreased while exhaling. The
sensor showed a peak intensity variation of 29.7% and ~31%
upon normal and fast breathing. The constant response suggests
that the sensor was insensitive against temperature or force
exerted due to fast breathing. The sensor showed no response
during the apnea, suggesting a distinct response during
inhaling, exhaling, and apnea. Furthermore, the sensor was quick
to respond and recover without any change in the response.

The response and recovery time were 1 s and 1.5 s, respectively.
The sensor response was also recorded against mouth breathing
(Fig. 10d). Interestingly, the nature of the response curve was
entirely distinct compared to nose breathing. The sensor
responded quickly upon breathing and showed a response of
~41%. The response and recovery time were 1.5 s and ~10 s.
The delay in the recovery of the sensor could be attributed to the
slow desorption process due to the presence of a high number of
water molecules. The fast response, high sensitivity, excellent
selectivity and distinct response of the sensor make it a strong
candidate for a real-time respiration monitoring system. On the
other hand, the installation of the sensor is relatively simple and
does not require heavy equipment for measuring the sensor
output. Also, the sensor is relatively thin, flexible and lightweight,
thanks to the paper substrate. The PANI/SLS particles are tightly
held between the intervenes of the paper fibers and additional
protection layers of cotton fabric prevent the particles from
breakdown. Moreover, several articles reported the biocompat-
ibility of PANI nanorods, which could be beneficial for practical
implementation.”®”°

The moisture of skin was assessed by attaching the sensor to
the skin, which is useful for an individual to monitor their skin
condition (inset of Fig. 11). A commercial humidity measuring

© 2022 The Author(s). Published by the Royal Society of Chemistry
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probe was attached to the skin to monitor the humidity/
moisture variations. The sensor showed distinct response
under various humidity conditions (Fig. 11). Upon the
application of a moisturizer, the sensor responded readily. The
results demonstrate that the PANI/SLS coated paper sensor can
be used for predicting the skin moisture. The performance of the
PANI/SLS coated paper sensor offers better prospects to utilize it
as a multi-functional smart wearable sensor.

4. Summary and conclusions

PANI/SLS-X nanorods were synthesized via a solid-state synthesis
method. PANI treated with SLS surfactants readily facilitated
PANI nanorod formation with smaller diameters than pure PANI
nanorods. The electrical conductivity of PANI nanorods was
augmented three-fold upon the addition of SLS. The presence
of SLS hindered the thermal degradation of PANI nanorods. The
PANI/SLS coated paper-based humidity sensor showed excellent
response and reproducibility. The PANI/SLS-0.25 composition
showed the highest sensitivity of 31.5 kQ/%RH, which is five-fold
high compared to pure PANI nanorods. The humidity sensor was
further used to demonstrate its applicability by implanting for
respiration monitoring and skin moisture detection. The sensor
response was distinct and repeatable in different breathing
modes. The flexibility, facile synthesis process, high electrical
conductivity, and excellent humidity sensor performance and
wearable characteristics make it a potential candidate for
humidity sensor applications.
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