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The electrospinning technique has been successfully used to prepared micro-fibers of the poly(lactic acid)/
polyaniline-zinc oxide (PLA/PANI-ZnO) composite. The polyaniline-zinc oxide (PANI-ZnO)
nanocomposites are synthesized by hydrothermal and in situ polymerization methods. X-ray diffraction
techniques are used to study the structural properties of the PLA/PANI-ZnO composite fibers and the
PANI-ZnO nanocomposite. The average crystallite size of the PANI-ZnO nanocomposite is found to be
36 nm. The morphology and diameter of the composite fibers are analyzed by scanning electron
microscopy (SEM). The average fiber diameter of the pure poly(lactic acid) (PLA) fiber is around 2.5 um
and that of the PLA/PANI-ZnO composite fiber is around 1.4 um. Differential scanning calorimetry (DSC)
provides the thermal properties of the PLA/PANI-ZnO composite fibers. The melting temperature (T,,)
for the pure PLA is observed at 149.3 °C, and it is shifted to 153.0 °C for the PLA/PANI-ZnO composite
fibers. The enhanced thermal properties of the composite fibers are due to the interaction between the
polymer and the nanoparticles. The water contact angle measurements probe the surface hydrophilicity
of the PLA/PANI-ZnO composite fibers. The role of the PANI-ZnO nanocomposite on the sensing
behavior of PLA fibers has also been investigated. The humidity sensing properties of the composite fiber
based sensor are studied in the relative humidity (RH) range of 20-90% RH. The experimental results
show that the composite fiber exhibited good response (85 s) and recovery (120 s) times. These results
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1. Introduction

The detection and monitoring of humidity are of great impor-
tance in many fields, such as textiles, agriculture, medicine, etc.*
An ideal humidity sensing material needs good sensitivity,
a quick response, and recovery time. Different types of humidity
sensing materials such as metal oxides, metal oxide semi-
conductors, ceramics, and polymers have attracted much
interest in the humidity sensors field.>* Among the sensing
materials, polymer nanocomposite based humidity sensors
have gained much attention due to their high sensitivity, low
cost, ease of fabrication, fast response and recovery times, and
better stability.* Venugopalan et al.® investigated PVA based
capacitive type sensors and Yao et al.® investigated a gold-PVA
encapsulated in gold particles based capacitive type humidity
sensor. However, the problems encountered with PVA is that it
is soluble in water and when used at higher humidity levels, the
counter ions are exchangeable with H" or OH . Among the
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indicate that the one-dimensional (1D) fiber structure enhances the humidity sensing properties.

biodegradable polymers, polylactic acid is a biodegradable
aliphatic polyester.” PLA possesses excellent characteristics
such as environmental stability, good biocompatibility, and
unique mechanical properties, therefore, it has attracted
interest as biomedical implants, and food packaging, and in the
biomaterials industry. Co-polymerization, synthesis of polymer/
metal oxide composite, and blending techniques extensively
employed to improve the sensing properties of PLA. Among
these techniques, polymer/metal oxide has gained considerable
interest in research. The addition of a large surface area and
small size of nanoparticles to the polymer matrix improves the
mechanical and electrical properties and sensitivity of the
polymer-based humidity sensor.®

The incorporation of TiO, in PLA film has been previously
reported by Shoaib et al.,” and they have modified the PLA-TiO,
film surface by acetone etching, which showed superior
morphological and sensing properties. Picciani et al.*® fabri-
cated polyaniline/poly(lactic acid) [PLA/PANI| nanofibers based
sensors by electrospinning technique, and they found that the
composite fibers exhibited good sensitivity. Pure polyaniline
(PANI) based material exhibit lower sensitivity than the PANI/
metal oxide composite materials. For example, Singh et al.™
reported Fe,O;-PANI composite showed good sensitivity than
the pure PANI. Polyaniline-zinc oxide (PANI-ZnO) based
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composite materials are also used as a sensor for humidity
detection, and they found that the organic/inorganic (PANI-
ZnO) based composite shows good sensitivity and quick
response time."” The hybrid nanofillers significantly enhance
the sensing performance of a humidity sensor, rather than
a single filler. Besides, 1D nanofibers, nanotubes, and nano-
wires have attracted considerable attention since they play an
essential role in determining their chemical and physical
properties.*® Electrospinning is one of the simple techniques for
the synthesis of nanofibers. This method can be used to prepare
different types of controlled and functionalized nanofiber.
Therefore this method is the one of the most efficiently used
method to fabricate the high-performance humidity sensors.**

The synergistic effect of a combination of two filler into the
polymer matrix is a promising strategy to enhance the humidity
sensing properties of polymer/metal oxide-based humidity
sensors. In this work, we synthesized PANI-ZnO composite by
using hydrothermal and in situ-polymerization method. The
prepared composite fillers are embedded in the PLA matrix. The
electrospinning technique is used for the fabrication of poly(-
lactic acid)/polyaniline-zinc oxide (PLA/PANI-ZnO) composite
fibers. It is found that the PANI-ZnO nanoparticles influence
the humidity sensing behavior of the samples.

2. Experimental

2.1. Materials

Aniline (C¢H5NH,, M,, = 93.13), hydrochloric acid (HCI) and
ammonium persulfate (APS) were obtained from Sigma Aldrich
and were of high purity (99.9%) and used without any purifi-
cation. Zinc acetate dehydrate (Zn(CH;COO),-2H,0, M,, =
219.51), monoethanolamine (MEA) (C,H,NO, M,, = 61.08), and
polyethylene glycol (PEG) were used for the synthesis of ZnO.
Polylactic acid (PLA) is a high molar mass biopolymer (Ingeo™
Biopolymer 2003D) obtained from NatureWorks, LLC (USA),
dichloromethane (DCM) with a density 133 kg L™" and Folin-
Ciocalteu reagent were obtained from BDH Middle East LLC,
and dimethylformamide (DMF) (ACS, 99.8%) were purchased
from the sigma Aldrich and used for the fabrication of PLA
electrospun fibers. All reagents were used as received without
further purification.

2.2. Synthesis of ZnO nanorods

For the preparation of ZnO nanorods, 2 g of zinc acetate dehy-
drated was dissolved in deionized water. The solution was
stirred for one hour until a clear solution was obtained. Poly-
ethylene glycol (PEG) was used as a surfactant. Monoethanol-
amine was added slowly to the above solution with constant
stirring to get a homogeneous solution. The clear solution was
transferred to the Teflon capped autoclave and kept at 140 °C
for 3 h. The resulting precipitate was washed with deionized
water and ethanol. Finally, dried at 80 °C in a hot air oven for
12 h and then calcined in a furnace at 400 °C for two hours.
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2.3. Synthesis of PANI/ZnO composite

PANI/ZnO nanocomposite was prepared by the in situ-poly-
merization method. In a typical synthesis procedure, 0.2 M
aniline and different weight percentage of 1 wt% of ZnO
nanorods were dispersed into 50 mL of 0.01 M HCI solution,
and the mixture was stirred in an ice-bath for 2 h 0.2 M of
ammonium persulfate was added dropwise into the solution
with continuous stirring for overnight, which acts as the
oxidant. Then the precipitate powder was filtered and washed
with distilled water and ethanol. The resulting precipitate was
dried at 60 °C in a vacuum oven. Pure PANI was also synthesized
following the same procedure without the addition of ZnO.

2.4. Synthesis of PLA/PANI-ZnO electrospun fibers

In order to prepare PLA/PANI-ZnO electrospun fibers, 12 wt% of
PLA is dissolved in a mixed solution of 7 mL of dichloro-
methane (DCM) and 3 mL of dimethylformamide (DMF) and
stirred at room temperature for six hours, respectively. Subse-
quently, 1 wt% of PANI, ZnO, and PANI-ZnO composites were
dispersed in the DMF and DCM mixture (5 mL) using bath
sonicator for 2 h and after that mixed with the PLA solution. The
PLA nanocomposite solution was magnetically stirred over-
night. The final PLA/PANI-ZnO composite solutions were
loaded in a 10 mL syringe. The distance between the collector to
the needle was 12 cm and at a flow rate of 1.5 mL h™'. The
voltage of 12 kV was applied to the needle, and the nanofibers
were collected on an aluminum substrate placed on the rotator.

2.5. Characterization techniques

The synthesized composite and its nanofibers structure are
identified with an Empyrean, X-ray diffractometer within the 26
range of 10° to 80° with Cu Kol radiation (1.5406 A) operated at
45 kv and 40 mA. The morphology of the composites was
examined by field emission scanning electron microscope
(FESEM, Nova Nano SEM 450) and TEM (Philips CM12),
respectively. Thermal analysis was done with 8500 PerkinElmer.
The hydrophilic properties of the composites were measured by
an OCA 35-Dataphysics, contact angle analyzer.

2.5.1. Sensor fabrication. Fig. 1 presents the schematic
representation of the PLA/PANI-ZnO based sensor. In this work,
interdigitated ITO/glass substrates (from Ossila) of dimension
20 x 15 mm was used as the substrate. Before coating the
sensing materials, the ITO/glass substrate is cleaned sequen-
tially in acetone and deionized water in an ultrasonicator bath
for 10 min. Then, the ITO surface was dried by nitrogen blow.
To deposit the sensing film, the ITO substrate is placed on the
aluminum foil. After spinning, the prepared films are dried in
air at room temperature. The humidity sensing properties of
PLA/PANI-ZnO fibers are measured using an assembled exper-
imental setup.® The humidity sensors were evaluated in a labo-
ratory assembled humidity control chamber. To flow the
humidity air and dry nitrogen inside the chamber an inlet and
outlet valve were secure in the humidity chamber. Philips
Respironics humidifier was used as a source of humidity air to
increase the humidity level inside the chamber. While

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of sensor fabrication.

decreasing the relative humidity level, dry air was allowed to
enter inside the chamber through the inlet valve, whereas
humid air was evicted out from an outlet valve. MS5308 LCR
meter was used to measure the resistance and capacitance of
the sensor over a wide range of humidity levels. RS-6109
humidity meter was used to monitor the humidity level inside
All

the chamber. measurements were taken at room

temperature.

3. Results and discussion

3.1. Structural and morphological properties of PANI-ZnO
composite

The X-ray diffraction patterns of pure PANI, ZnO, and PANI-
ZnO nanocomposites are investigated using the XRD spectra
shown in Fig. 2. The XRD pattern of pure PANI exhibits the
diffraction peaks 20 = 15.23°, 20.77° and 25.39° corresponding
to the (011) (020) and (200) planes of the pure PANI. The X-ray
diffraction pattern of ZnO nanorods observed at 26 31.6°,
34.3° 36.1°, 47.4°, 56.4°, and 62.7° corresponds to the crystal
planes of (100), (002), (101), (102), (110), (103) and (112)
respectively of the hexagonal phase of ZnO and are in good
agreement with the JCPDS (79-0208)."* In the composite, both
the diffraction peaks of PANI and ZnO are observed, but some of
the ZnO peaks are reduced due to the deposition of the PANI
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Fig. 2 XRD pattern of PANI, ZnO, and PANI/ZnO nanocomposite.
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layer on the ZnO surface. Also, the diffraction peaks of the ZnO
planes at 31.6°, 47.4°, and 56.4° shifted towards the lower angle
this confirms that the formation of PANI-ZnO composite
structure.'® The crystallite size of the PANI-ZnO nanocomposite
is estimated using Debye Scherrer's formula.

K
" Bcosb

(1)

where D is the crystallite size, § is the FWHM, and @ is Bragg's
angle. The average crystallite size of the PANI-ZnO nano-
composite was found to be 36 nm.

The structural properties of the pure PANI, ZnO and PANI-
ZnO nanocomposite are studied by the FTIR spectroscopy.
Fig. 3, shows the FTIR spectra of pure PANI, ZnO and PANI-ZnO
nanocomposites. For pure PANI, the characteristics peaks
observed at 2910 cm ™" and 1645 cm™ " are associated with the
C-H and C=C stretching, respectively. The peaks at 1531 cm ™"
and 1405 cm™" are assigned to the aromatic ring stretching of
the C=C-C bonds. These peaks are also called as the stretching
vibrations of N-B-N and N=Q=N (B = benzoid, Q =
quinoid).”” The characteristic peak at 1230 cm ™' is due to the
C-N stretching vibration. The peak observed at 705 cm™*
corresponds to the NH, wagging.'® For pure ZnO, the charac-
teristics peak observed at 3416 cm ' corresponds to the O-H

PANI/ZnO composite

Transmittance (a.u.)

2500 2000 1500 1000 500

Wave number (cm'1)

3500 3000

Fig. 3 FTIR spectra of PANI, ZnO, and PANI/ZnO nanocomposite.
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Fig. 4 SEM images of (a) pure PANI, (b) pure ZnO, (c) PANI/ZnO nanocomposite, TEM images of (d) pure PANI, (e) pure ZnO and (f) PANI/ZnO

nanocomposite.

stretching vibrations of water molecules. The vibration peak
2930 ecm™ " indicating C-H stretching of alkane groups and
1578 cm ' suggest the C=0 bond. The peak observed at
1390 cm ™' is assigned to the vibration of ~CH,. The vibrational
band is observed at 510 cm ™" attributed to the Zn-O stretching
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Fig. 5 Schematic representation of polyaniline decorated ZnO rod.
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vibration." Both PANI and ZnO peaks are observed in the PANI-
ZnO nanocomposite and also the peaks are shifted towards the
lower wave number. This may be due to the composite forma-
tion between PANI and ZnO.
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The surface morphology of the pure PANI, ZnO and its
nanocomposites are investigated by scanning electron micros-
copy (SEM). The SEM image of pure PANI in Fig. 4a reveals that
a large number of agglomerated nanoparticles. Fig. 4b showed
SEM images of pure ZnO; it elucidates the rod-like morphology.
The average diameter of the pure ZnO rods (Fig. 4b) is found to
be 120 nm to 150 nm. Fig. 4c showed the SEM images of PANI-
ZnO composite, the combination of rods and agglomerated
nanoparticles are observed in the composite sample. The TEM
also used to analyzes the morphologies of pure PANI, ZnO, and
its composites, and the images are shown in Fig. 4d—f. The TEM
images of the PANI sample is displayed in Fig. 4d, which
demonstrates that the pure PANI has shown agglomerated
nanoparticles. Fig. 4e shows the transmission electron micros-
copy (TEM) images of the ZnO sample that reveals rod-like
morphology, and the average diameter of the rod is 120-
170 nm. The TEM images of PANI-ZnO composites support the
observation of mixed morphologies of rods and agglomerated
nanoparticle structures, as shown in Fig. 4e and f.

The formation and growth mechanism of ZnO rods and
polyaniline coated ZnO rods structures is shown in the sche-
matic diagram in Fig. 5. In the beginning, the mixing of zinc
acetate and monoethanolamine favorably react in aqueous
solution to form a lot of zinc hydroxide seed nuclei. This
decomposes under the hydrothermal treatment at a tempera-
ture of 140 °C to form ZnO nuclei. The formed zinc hydroxide
seed nuclei undergo antistrophic growth along the preferential
direction with the help of C,H,NO and OH™ leads to the one
dimensional (1D) behavior of hexagonal crystal structure. The
crystal nuclei are further developed into longer rods. This kind
of large particle constitution can be described by the Ostwald
ripening mechanism.”* For the preparation of PANI-ZnO
nanocomposite, the prepared rods are dispersed in an aniline
and HCI solution. After the addition of APS into an aniline
solution, it begins to polymerize then PANI coats on the ZnO
surface due to w-7* stacking interactions between the func-
tional group and monomer of the aniline.”

(100)/(200) —a—PLA
o= PLA/1% PANI
s PLAM% ZNO

e=p==PLA/1% PANI-ZnO

(a)

Intensity (a.u.)

10

20
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Fig. 6
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3.2. Structural and thermal properties of PLA/PANI-ZnO
composite fibers

Fig. 6a shows the XRD patterns of PLA and its composites. The
diffraction peaks of pure PLA observed at 20 of 16.8° corre-
sponds to (110) or (200) planes and the diffraction peaks at 22.4°
and 27.5° corresponding to the crystalline planes of (105) and
(207), respectively.?” The similar XRD patterns are observed in
PLA/PANI, PLA/ZnO, and PLA/PANI-ZnO composites indicate
that the addition of nanofillers does not affect the PLA crystal
structure. It addition, the diffraction peaks correspond to the
nanofillers are also observed in the range of 30° to 60° for the
PLA nanocomposite fibers. The thermal properties of PLA and
its composite fibers are studied by DSC analysis. The melting
temperature (7;,) of PLA fibers and PLA nanocomposite fibers
are shown in Fig. 6b. It is observed that the addition of nano-
fillers increases the thermal properties of nanocomposite fibers.
For neat PLA, the melting temperature is found at 149.3 °C, and
for the composite, it is shifted to 151.7 °C, 152.6 °C and
153.0 °C. The slight increase in T, for the composite is due to
the incorporation of nanoparticles in the PLA matrix. This
enhancement in the temperature values is attributed to the
nucleating action of the fillers within the polymer.>*** The
insertion of nanoparticles in the PLA matrix can also influence
the nucleation and polymer chain mobility and thus crystalli-
zation process.*

3.3.
fibers

Morphological properties of PLA/PANI-ZnO composite

The surface morphology images of neat and composite elec-
trospun fibers are shown in Fig. 7a-d. The PLA electrospun
fibers showed a diameter of 2.5 um, whereas the incorporation
of nanoparticles decreases the fiber diameter. In the case of
PLA/PANI composite, the average value obtained is 2 pm, and
for PLA/ZnO, the average diameter is 1.9 pm. For PLA/PANI-ZnO
composite fibers, the average fiber diameter is found to be 1.4
um. It is found that the incorporation of PANI-ZnO composite

(b)

= PLA

=== PLA/1% PANI
s PLA/M1% ZNO

e PLA/1% PANI-ZnO

Heat flow Endo (mW)

80 100 120 140 160 180 200

Temperature (°C)

40 60

(a) X-ray diffraction patterns of PLA and its nanocomposite fibers, (b) thermal analysis of PLA and its composite fibers.
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Fig. 7

(a) SEM images of pure PLA, (b) PLA/PANI, (c) PLA/ZnO, and (d) PLA/PANI-ZnO composite fibers.

Table 1 Contact angle measurements of PLA and PLA/PANI-ZnO composite fibers

Sample type

Contact angle image

Contact angle

PLA electrospun fibers

78.5°

PLA/PANI-ZnO composite fibers

caused the diameter of the fibers to decrease gradually from 2.5
um to 1.4 um. This is ascribed due to the increment in the
conductivity of the solution in presence on the PANI-ZnO
nanocomposite.>®

Water contact angles are measured to confirm the surface
hydrophilicity of the sample. The films hydrophilicity indicates
that the sensing film absorbed water drops on the polymeric
film surface. The contact angle of water drops on the sensing
film surface measured by the sessile drop method. It is well
known that the contact angle of a surface is less than 90°,
indicates the surface is hydrophilic. As we can see in Table 1, the
water contact angle for pure PLA is 78.5°, and for a PLA/PANI-
ZnO composite fiber is 51.2°. The contact angle is lower for the

28740 | RSC Adv, 2021, N1, 28735-28743

51.2°

PLA/PANI-ZnO composite fibers. This is attributed to the
incorporation of PANI-ZnO is useful to increase the hydrophi-
licity and adsorption of water molecules on the PLA/PANI-ZnO
composite fiber surface. Increased hydrophilicity has improved
the water vapor absorption and settling at the surface of the
nanocomposite film. An increase in the physisorption process
at the sensing film surface enhances sensors sensitivity.””

3.4. Humidity sensing properties

The humidity sensing properties of PLA/PANI-ZnO composites
fibers is systematically investigated. The impedance response of
PLA/PANI-ZnO composite based humidity sensor within the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Schematic representation of the sensing process.

relative humidity range from 20-90% RH is shown in Fig. 9. The
impedance of the PLA/PANI-ZnO composite fibers decreases
with an increase in relative humidity level due to an increase in
conductivity of the composite films as water vapor adsorbed on
the hydrophilic surface of the composite film. At low RH, only
a tiny amount of water molecules adsorb on the composite fiber
surfaces. As the RH increases, more layers of water molecules
are physically adsorbed. This physisorbed multilayer exhibits
bulk liquid-like behavior. In this situation, (H;O0") can be readily
dissociated into H,O and H' ions and acts as significant charge
carriers. At high RH condition, the free water can interpenetrate
into the interlayer of PLA/PANI-ZnO composite, which reduces
the rate of change of impedance due to the high dielectric
constant of H,0.?® The observed highest humidity sensitivity for
PLA/PANI-ZnO composite is due to its 1D fibers structure and
the hydrophilic surface of the composite. The adsorption
mechanism of water molecules on the PLA/PANI-ZnO
composite fibers is shown in Fig. 8. The net-like structure of
nanofibers makes the adsorption of water vapors on the surface
of the material accessible. On the other hand, the large surface

area to volume ratio of 1D nanofiber structures makes
composite fiber highly sensitive.

Fig. 9a displays the hysteresis characteristics for PLA/PANI-
ZnO composite fibers. Hysteresis is one of the critical parame-
ters to characterize the reliability of the humidity sensor.
Hysteresis is defined as the maximum difference in measured
values of relative humidity during the adsorption and desorp-
tion process. The hysteresis response of PLA/PANI-ZnO
composite fiber-based resistive sensor can be divided into two
stages, lower humidity level (20-50% RH) and higher humidity
level (60-90% RH). At a lower humidity level, the maximum
calculated hysteresis at 50% RH is determined to be ~4.2%. As
the humidity level increases (60-90% RH), more water mole-
cules adsorbed on the sensing film, and the sensors exhibit
more hysteresis. The maximum calculated hysteresis at 70% RH
is ~8.9%. A smaller hysteresis loss observed for the PLA/PANI-
ZnO composites. This indicates that a faster equilibrium can be
reached between the adsorption and desorption process in the
PLA/PANI-ZnO composites fibers. The small hysteresis effect
arises due to the 1D PLA/PANI-ZnO fibers structures of the

18
(a) 20 4 PLA/PANI (b) 164 T PLA/ZnO (C) PLA/PANI-ZnO
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Qe \0\0 16 4
Oy, 14 \°
= 14 4
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S 164 [ g ; o 104
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% g % 2 5 \ 'E_ 84
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Fig. 9 (a—c) Hysteresis characteristics of PLA/ZnO, PLA/PANI and PLA/PANI-ZnO composite fibers.
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Fig. 10 Response and recovery cycle of PLA/PANI-ZnO composite
fibers based resistive humidity sensors operate at 25 °C.

sensing film. The 1D structure of the fibers has a large surface
area, which provides more sites for the adsorption of water
molecules and facilitates the fast transmission of sensing
molecules or ions. The response and recovery times are essen-
tial for estimating the performance of humidity sensors. Fig. 10
demonstrates the response and recovery time curves of PLA/
PANI-ZnO composites based humidity sensor. The response
and recovery times of PLA/PANI-ZnO composites humidity
sensors are calculated to be 85 s and 120 s. It indicates that the
PLA/PANI-ZnO sensor exhibited the best response and recovery
behavior. The sensor with PLA/PANI-ZnO has been selected for
the repeatability test because of its highest sensitivity and it
shows that the same response curve during the cyclic test, which
indicates its excellent repeatability.

4. Conclusion

In the present work, PANI-ZnO nanocomposite is synthesized
by the hydrothermal method and in situ polymerization
method. The electrospinning technique is used to prepares
PLA/PANI-ZnO composite fibers. The prepared PANI-ZnO
nanocomposite has a mixed morphology of rods and nano-
particles observed in SEM and TEM micrographs. The average
fiber diameter of the PLA/PANI-ZnO composite fibers has
decreased with the addition of PANI-ZnO nanofillers. DSC
results demonstrate that the addition of nanoparticles
increases the thermal properties of the PLA matrix. The
humidity sensing of the PLA/PANI-ZnO composite fibers are
investigated in the RH range 20-90% at room temperature. The
experimental results showed that the composite fibers-based
sensor exhibited a response time of 85 s and recovery time
120 s. These results indicated that 1D fiber structures improve
the performance of humidity sensors.
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