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ABSTRACT: The demand for wearable electronics has driven the development of conductive fabrics, particularly those
incorporating polyaniline (PANI) that is known for its high electrical conductivity, flexibility, and ease of fabrication. However, the
limited stability and durability of the conductive fabric, especially during washing, present significant challenges. The drawbacks can
be traced by weak physical attachment between the fabric and the conductive coating, leading to a decrease in conductivity over
time. These drawbacks significantly impact the fabric’s functionality and performance, highlighting the need for effective solutions to
enhance its stability and durability. This study focuses on addressing these challenges by employing a thermochemical treatment. A
hydrophilic surface of the polyester fabric is obtained after the treatment (hydrolysis), followed by grafting of PANI on it. The
adhesion between PANI and the polyester fabrics was found to be enhanced, as proved by contact angle analysis. Furthermore, the
PANI-hydrolyzed fabrics (treated) demonstrated stable conductivity (∼10−3 S cm−3) even after 10 washing cycles, showcasing their
excellent durability. In comparison, the unhydrolyzed PANI fabric experienced a drop in conductivity by three orders of magnitude.
X-ray photoelectron spectroscopy via N 1s core line spectra showed chemical shifts and quantified the level of doping through
PANI’s protonation level. We found that PANI-hydrolyzed fabrics preserved their dedoping level from 44.77 to 42.68%, indicating
improved stability and extension of their electrical properties’ lifetime after washing as compared to unhydrolyzed (untreated)
fabrics, from 36.99 to 26.61%. This investigation demonstrates that the thermochemical approach can effectively enhance the
durability of conductive PANI fabrics, enabling them to withstand the washing process while preserving their electrical endurance.

■ INTRODUCTION
Conductive fabrics are integral components in various devices,
including pressure sensors, antennas, electromagnetic interfer-
ence (EMI) shielding devices, flexible heaters, and static
control clothing. These fabrics possess specific electrical
properties that enable their effective utilization in a diverse
range of applications.1−5 Furthermore, this fabric class is
critical in next-generation wearable consumer electronics and
smart clothing.6,7 The hybrid of intelligent functionality and
flexibility of fashionable clothing forms the foundation of
innovative applications in military, public safety, healthcare,
sports, and consumer fitness. Generally, a conductive fabric can
be created by weaving metal strands into the fabric. Other
alternatives include coating (depositing) or embedding
conductive components, such as carbon, nickel, copper, gold,
silver, or titanium on the fabric.8 Although these composite
fabrics have excellent conductivities, they are not without

limitations. Stiffness and ease of degradation, which may be
caused by wire breakage, sloughing of depositions, or chemical
corrosion during an active application, are some of the flaws
associated with composite fabrics.6

Conductive polymers (CPs) have emerged as a promising
alternative to address the challenges. They have garnered
significant attention due to their ability to exhibit excellent
electrical, magnetic, and optical properties, comparable to
those commonly associated with metals.9−13 In addition, CPs
carry the qualities of lightweight, flexibility, and simple
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processability.14 Polyaniline (PANI) has piqued the interest of
researchers due to its lightness, excellent environmental and
thermal stability, high electrical conductivity, good optical
properties, ease of manufacture, and affordability. Furthermore,
the conductivity of PANI can be modified by manipulating its
oxidation state and protonation level.10,15 This freedom of
manipulation makes it an excellent alternative for constructing
multifunctional conductive materials. Due to its soft nature,
depositing PANI onto fabric substrates is a viable technique to
address the stiffness and chemical corrosion associated with
typical metal/fabric blends. However, weak durability upon
washing is a major hurdle in fabric blends due to the leaching
of PANI and the conductive agent from the fabric.16,17 In
practice, fabric materials inevitably accumulate dirt, dust, and
stains, emphasizing the importance of washing to maintain
cleanliness and hygiene. In the case of PANI fabrics, proper
washing is essential not only for removing contaminants but
also for preserving the fabric’s appearance and extending its
lifespan. However, the mechanical scrubbing and chemical
soaking involved in the washing process can potentially
damage the coatings on the conductive layers, further
jeopardizing the fabric’s electrical integrity.18,19 Therefore, it
is necessary to improve the durability and lifespan of PANI
fabrics while preserving their electrical integrity.

Polyethylene terephthalate or polyester (PES) fabrics are
widely utilized as the base material in clothing, sportswear,
packaging, smart electronic, and furniture materials.20 PES
fabrics have a range of advantages, which are lightweight, high
tensile strength, flexibility, quick-drying, reduced wrinkles and
shrinkage rates, excellent thermal and chemical stability, good
dimensional stability, resistance to environmental stimulus, and
low-cost production.21 However, due to their inert molecular
structure and low moisture absorption rate, they have low
hydrophilicity and poor adhesion to conductive coatings like
PANI.22 Therefore, it is necessary to introduce chemical and
physical changes to PES fabrics. These changes aim to
maximize the holding capability of PANI within the fabric
while extending the durability of its electrical functionalities.

Various chemical treatments, including acid treatment,
aminolysis, and graft polymerization, have been employed to
modify the hydrophilicity of PES fabrics, thereby altering their
texture drape, dyeing depth, and strength. However, these
approaches have obstacles, such as degradations of the bulk
and mechanical properties of the PES fabric, require high
energy consumption, and possess environmental contamina-
tion.23

Alkaline hydrolysis is a technique to introduce hydrophilicity
to PES fabrics. According to Musale and Shukla, PES could be
nucleophilically substituted and hydrolyzed by aqueous sodium
hydroxide.24 The hydroxyl ions attacked the polyester’s
electron-deficient carbonyl carbons to create an intermediate
anion. This action increased the number of hydrophilic groups
on the fiber surface. The nucleophilic assault of NaOH on PES
chains generated chain scissions at the ester linkages, resulting
in carboxyl and hydroxyl polar groups. These polar groups
improved the polarity and hydrogen bonding with water
molecules, resulting in greater wettability on the hydrolyzed
fabric.25 Due to the covalent connection between PANI and
the fabric, the grafting modification of polymer substrates is a
reliable technique for fabricating stable, functional materials.26

This paper explores the grafting of PANI onto hydrolyzed
PES fabrics, producing an enhanced stability and durability of
the conductive fabrics when exposed to washing. A bare PES
fabric was first subjected to a thermochemical treatment,
modifying its surface hydrophilicity, followed by grafting of
PANI onto the fabric via immersion. The individual steps to
prepare conductive PANI in this investigation are depicted in
Figure 1. This approach is aimed to eliminate the drawback of
PANI insolubility while simultaneously improving the surface
adhesion of grafted PANI on the fabric. This study includes the
evaluation of the washing durability of the PANI fabric, such as
the measurement of electrical conductivity, protonation level,
and its hydrophilicity properties.

Figure 1. Preparation of conductive PANI fabrics through thermochemical treatment. (a) Step 1: Partial removal of the hydroxyl end group from
the ester group in PES fibers through thermochemical treatment. (b) Step 2: Doped PANI solution from a previous study was grafted onto
hydrolyzed PES fabrics via immersion.
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■ EXPERIMENTAL SECTION
Materials. A 50 × 50 cm2 bare polyester fabric was

purchased from Kamdar Sdn. Bhd. (Klang, Malaysia). Aniline
solution, sodium hydroxide (NaOH), para-toluene sulfonic
acid (pTSA), and dimethyl sulfoxide (DMSO) (reagent plus,
99%) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Tetrachloroethylene (TTE) was sourced from Systerm,
(Shah Alam, Malaysia).

Preparation of Hydrolyzed PES Fabric via Thermo-
chemical Treatment. The overall procedure of thermochem-
ical treatment of the PES fabric is illustrated in Figure S1. In
the pretreatment process, the PES fabrics were rinsed in
acetone and dried for 30 min. The bare PES fabric (each
weighing 1.8 g) was subjected to alkaline NaOH with various
concentrations (3, 6, 9, 12, 15, 18, and 21 wt %) at 80 °C. The
treatment time of 90 min was used for this evaluation since it
could maximize the water absorption rate as optimized in
Figure S2. The treatment in 12 wt % NaOH for 90 min
achieved the maximum water absorption rate. Subsequently,
the hydrolyzed fabrics were neutralized with 5 mL of acetic
acid (50−60 °C) and rinsed with distilled water to remove
residual NaOH. In the final stage, a hot rinsing with distilled
water was performed until a pH of 7 was registered (verified
through filter paper) and dried at room temperature (25−27
°C).

Fabrication of Hydrolyzed PANI PES Fabrics. The
fabrication of conductive PANI fabrics was accomplished with
the immersion technique, as described in the previous
study.27−30 Bare PES fabrics with a size of 5 × 5 cm2 were
immersed in 15 mL of PANI solution. The fabrics were soaked
for 30 min at room temperature. The fabrics were dried at
room temperature for 24 h and stored under dark conditions.
The immersion process is illustrated in Figure S3.

Degree of Grafting of PANI onto Hydrolyzed PES
Fabrics. Chemical grafting is the attachment or absorption of
polymer chains to the substrate surface.31 The diffusion of
PANI molecules in solution on the fabric substrate is critical to
accomplish the required degree of grafting (DG) of PANI,
which imparts its electrical network.18,32 The hydrolyzed
fabrics were immersed in 15 mL of conductive PANI solution.
The fabrics were soaked for 30 min and dried at room
temperature for 24 h. Similar procedures were repeated for
different concentrations of hydrolyzed PES fabrics onto PANI
solutions. The DG of PANI was calculated according to eq 1:

= ×W W WDG of PANI (%) ( )/ 100after before after (1)

whereWafter is the weight of the hydrolyzed fabric after grafting
with PANI and Wbefore is the weight of the hydrolyzed fabric.

Washing Durability Evaluation. The combination of
132-2004 and 86-2005 procedures (recommended by the
American Association of Textile Chemists and Colorists) was
simplified to study the durability of the fabrics. The 5 × 5 cm2

PANI fabrics (hydrolyzed and nonhydrolyzed) were sewn at all
four edges to ensure consistent test results over the surface.
The fabrics were immersed in 200 mL of TTE detergent
solution and agitated for 30 min at 60 °C in metal-capped
bottles. The treated fabrics were dried at 20 °C in a ventilated
hood for an hour before being subjected to the character-
izations. A similar process was repeated for 10 cycles. The
electrical measurements of the treated fabrics were performed
in each cycle. The schematic diagram of the washing evaluation
of PANI fabrics is illustrated in Figure S4.

Material Characterization. The structural and intermo-
lecular interactions of the samples were studied with
PerkinElmer Spectrum 100 attenuated total reflectance-Fourier
transform infrared (ATR-FTIR) spectroscopy. The analysis
was performed at room temperature with ambient humidity.
The spectra were recorded from 600 to 1500 cm−1 at 20 kHz
frequency with a resolution of 16 cm−1. Each spectrum was
recorded with a mirrored diamond surface under spectroscopic
circumstances. The spectrum was analyzed with Bio-Rad Win-
IR Pro software (version 10, PerkinElmer Ltd., London,
United Kingdom) to identify the functional groups within the
fabricated fabrics. The electrical conductivity of PANI fabrics
was measured with electrochemical impedance spectroscopy
(EIS) (model: HIOKI 3532-50 LCR Hi-TESTER, HIOKI E.
E. Corporation, Nagano, Japan). The analysis was performed at
room temperature with a frequency range of 100 Hz to 1000
kHz. The 5 × 5 cm2 hydrolyzed PANI fabrics were clamped
between two copper electrodes with a 1 cm diameter. The
measurement was repeated three times to obtain an average
value. The conductivity was derived from the following eq 2:33

= ×L R A/( )b (2)

where σ is conductivity, Rb is the bulk resistance measured by
the instrument, L is the sample thickness, and A is the cross-
sectional area of the electrode. The morphological and
elemental distribution of the samples were observed with
scanning electron microscopy (SEM) (SNE-4500 M Plus
Tabletop SEM, SEC Co., Ltd., Suwon-si, South Korea) and
energy dispersive X-ray (EDX) mapping analysis, respectively.
A 0.5 × 0.5 cm2 fabric sample was mounted on the sample
stage with carbon tape and placed in a sample chamber. All
fabrics were gold-sputtered to improve image resolution. A
magnification range from 300× to 1000× was employed. The
fabric’s mechanical strength was analyzed with a universal
strength tester machine (Tenso Lab 5000, MESDAN S.P.A,
Puegnago del Garda (BS)-Italy). The test complied with the
ASTM D5035-95 protocol. The 20 × 7.5 cm2 fabrics were
prepared and tested in warp and weft structures. A 300 mm/
min transverse rate and 5 kN load force were applied for each
sample. Tensile strength and percentage elongation at break
were recorded. X-ray photoelectron spectroscopy (XPS)
analysis was performed with Thermo Fisher Scientific
(model = Nexsa G2 XPS) with a monochromatic Al-Kα X-
ray source of 1486.6 eV. The operating parameters were fixed
at 3 mA and 15 kV to analyze an area of 100 μm diameter
under a 4.8 × 10−7 mBar ultravacuum environment. A narrow
scan was performed at a step size of 0.1 eV with a multichannel
detector. The analyzer was operated in a fixed transmission
mode with a pass energy of the hemispherical analyzer at 100
eV for high-resolution scans/narrow scans with a minimum
cycle of 20 times. All scans were performed under charge
neutralization with a low-energy electron gun within the
magnetic field lens. The spectra were analyzed (deconvoluted)
with Avantage software and Shirley background. Survey spectra
in the range of 0 to 900 eV were recorded for each sample,
followed by high-resolution measurement line spectra for C 1s,
N 1s, and S 2p core levels. The binding energy scale was
calibrated with reference to the C 1s line at 285 eV. The amine
peak was fixed at 400 eV, while the peaks for imine, protonated
amine, and protonated imine were defined at 398, 400, and
402 eV, respectively. The changes in the fabrics’ doping level
were calculated from the ratio of N+/Ntotal. The treated fabrics
(dry) were weighed at 1.8 g. The fabrics were immersed in 30
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mL of distilled water at room temperature for 5 min. The
fabrics were promptly hung until all water droplets had
evaporated from them. Next, the wet fabrics were weighted
with a precise digital balance machine (model: Balance
XPR226DR, METTLER TOLEDO, Switzerland). Equation 3
was employed to calculate the water absorption rate:

= ×W D Dwatere absorption rate (%) ( )/( ) 100w w w
(3)

where Ww is the weight of the wet fabric and Dw is the weight
of the dried treated fabric. A contact angle tester, Theta Lite
Optical Tensiometer (Contact Angle Meter, Phoenix, USA),
was utilized to test the water contact angle of the bare and
treated fabrics. Distilled water droplets with a volume of 3 μL
were placed on the fabrics with a microliter syringe. Each
contact angle value represented a minimum of five measure-
ments at various positions on the fabrics.

■ RESULTS AND DISCUSSION
PES hydrolysis via thermochemical treatment was initiated by
hydroxyl ions from NaOH that attacked electron-deficient
carbonyl carbons, e.g., C�C, C−O, C−O−C of the PES
chains to form an intermediate anion.34 The reaction rate sped
up when the temperature reached 60 °C.35 This condition led
to partial removal of a low molecular segment of the chains like
carboxyl, which resulted in weight loss of the fabric. The extent
of the attack and removal of short-chain segments increased
linearly with NaOH concentration. Simultaneously, a surge in
−COOH and −OH hydrophilic groups was introduced to
ester components.36 The proposed mechanism of bond

breaking in PES fabrics during hydrolysis is illustrated in
Figure 2a.

The infrared (IR) spectra in Figure 2b reflect the chemical
structure in the hydrolyzed fabrics. The peak at 1100 cm−1

suggested C�O stretching vibration, which was a character-
istic of the carbonyl group (C�O) in PES.37 Upon increasing
of alkaline concentration, a plunge in intensity of C�O was
recorded. This condition possibly affected the absorption rate
since the carbonyl group was a polar group that attracted
water.38 Evidence of alkaline hydrolysis on PES fabrics was
shown by the drop in the peak at 1249 and 1012 cm−1. This
observation reflected the elimination of short chains in the
ester linkage.39 Simultaneously, the peaks at 725.32 cm−1 were
attributed to the carbon−carbon chain of the carboxylic group
on the fabric’s surface.40

The hydrolysis of PES showed a significant weight loss of
25.36% when the NaOH concentration was raised to 21 wt %,
as seen in Figure 2c. According to a past study, a weight loss
from 15 to 30% could contribute to overall depreciation in
stiffness, tenacity, and elongation of PES fabrics.25 A recent
study showed that PES fabrics experienced a significant weight
loss when hydrolyzed.41 However, the extent of weight loss
depends on hydrolytic conditions and utilized agents.42 This
agreement denotes that oxidizing agents, such as NaOH, have
a redox impact on the PES fiber surface. This redox reaction
can transform its physical properties, such as tensile strength,
elongation, and physical structure.

The water absorption by the fiber leads to swelling of the
material, dimensional changes, reduction in rigidity, and poor
strength and stiffness.43,44 In this study, there was a steady
increase in the water absorption rate by the hydrolyzed fabrics

Figure 2. (a) Proposed mechanism of bond breaking in PES fabrics during hydrolysis. (b) IR spectra of hydrolyzed PES fabrics in various NaOH
concentrations. (c) Effects of different NaOH concentrations on weight variations and the corresponding percentage on the weight loss of fabrics.
(d) Effect of hydrolyzed PES fabrics with various NaOH concentrations on the water absorption rate.
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from 5.80 ± 2.59 to 64.46 ± 2.22% upon treatment with 0 to
12 wt %, respectively. This trend later remains relatively
constant at ∼55% when being hydrolyzed by more than 12 wt
% of NaOH (Figure 2d). The fabric that was hydrolyzed with
12% NaOH showed the highest water absorption rate at
64.46%. Notably, the rise in the water absorptivity rate can be
attributed to the elimination of oil and wax from fabric fibers.

Furthermore, the fabric’s hydrophilicity was expected to
improve upon NaOH hydrolyzation as this treatment
stimulated the expansion of the hydrophilic surface. Mean-
while, hydrolyzed PES fabrics with 15% NaOH absorbed
roughly 7% less water than its 12% NaOH counterpart. The
absorption rate increased to approximately 44.70% when the
NaOH concentration was 21%. A slight decrease in the water
absorption rate took place when the fabric was hydrolyzed with
more than 12% NaOH. This finding could be pointed to the
excessive removal of the polar group in PES, which was
detrimental to the fibers and subsequently caused a dip in
water absorption.45 Getnet and Chavan found that 15−30%
PES weight loss due to alkali treatment changed the fabric’s
physical properties, such as silky handle, luster, soil repellency,
and antistatic properties.25 Further investigations on the
properties of fabrics with 6, 9, and 12% NaOH were
performed.

The surface morphology of bare or unhydrolyzed PES
fabrics was observed through SEM. The surface displayed
significant changes after each stage of treatment; 3a, 3a’ before,

3b, 3b’ during, and 3c, 3c’ posthydrolysis, as shown by SEM
micrographs in Figure 3. The bare fabric that underwent the
hydrolysis in 12 wt % of NaOH (optimum condition) was used
in this analysis. The bare fabric exhibited a smooth and clear
surface structure. During treatment, small pieces of fibers were
observed on the surface, suggesting detachment from the fabric
substrate. EDX mapping in the inset of Figure 3b’ reveals that
carbon (C) was the primary element in the pieces. This proof
of carbon indicated the removal of terephthalates such as oil
and waxy components. In posthydrolysis treatment in Figure
3c,c’, the formations of voids with accompanying increases in
surface porosity of the hydrolyzed fabric were observed. The
removal of PES terephthalate coating generated an uneven
surface of PES due to the separation of carbonyl and hydroxyl
groups from the ester group as described in the FTIR analysis.
These circumstances possibly modified the structure of the
fiber surface, which invariably influenced its hydrophilicity.

The hydrophilicity of hydrolyzed fabrics was further
examined by assessing their wettability behavior with contact
angle analysis. The contact angles of water droplets on
unhydrolyzed and hydrolyzed PES fabrics are compared and
shown in Figure 3d,e, respectively. PES is well known as a
natural polymeric material that is hydrophobic, at ∼154.50°
absorption angle (as measured on unhydrolyzed PES
fabrics).46 The contact angle of water on hydrolyzed PES
fabrics was 92.90°. This angle equated to a 61.60% reduction
in the contact angle compared to unhydrolyzed fabrics. This

Figure 3. Surface morphology of (a, a’) unhydrolyzed bare PES fabric and (b, b’) hydrolyzed PES fabric amid alkaline hydrolysis. The inset image
in b’ exhibits the EDX mapping analysis of carbon (C) and oxygen (O). (c, c’) Postalkaline treated hydrolyzed PES fabric at 300× and 800×
magnifications, respectively. Photographs of the water contact angle of (d) unhydrolyzed PES fabric and (e) posthydrolyzed PES fabric. (f) Tensile
stress of hydrolyzed PES fabrics in three concentrations of NaOH.
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finding suggested that the PES fabric was successfully treated
to enhance its hydrophilic properties. The consequences of
contact angle analysis were in accordance with the discoveries
of water absorption rate and weight loss rate analyses.

The mechanical properties of hydrolyzed PES fabrics at
various alkali concentrations were demonstrated via the tensile
stress test, as shown in Figure 3f. At the same time, the
breaking force data is tabulated in Table 1. The tensile stress of

unhydrolyzed PES fabrics was treated as the control with a 520
N breaking force and 64.5% elongation rate. In this study, an
increase in the concentration of hydrolysis was observed to
couple with a decrease in the fabric’s tensile stress. The tensile
stress of 6% hydrolyzed PES dropped dramatically to 425 N
breaking force.

The breaking force of the treated PES fabric was 18% lower
than the breaking force of the unhydrolyzed fabric, indicating a
deterioration of treated fibers. The breaking force plunged
further to 328 and 305 N when the treatment concentration
was raised to 9 and 12%, respectively. This decrease in
breaking force could be linked to a lack of strong bonding
between the fibers and the breaking of their mechanical
connection.47 Simultaneously, the elongation rate of the fabrics
dropped steadily with increasing hydrolysis from 64.5 to
54.8%. The weak adhesion between the core level and the fiber
surface could be the source of this trend. Although the
mechanical properties displayed a deteriorating trend, PES
fabrics with 9 and 12% NaOH had minuscule differences
between each other, which offered an indicator for an optimum
treatment concentration.

The surface morphology of PANI coating on hydrolyzed
PES fabrics is depicted in Figure 4. As discussed in previous
sections, the surface morphology of the bare PES fabric
transformed after thermochemical treatment. PANI-coated
unhydrolyzed PES in Figure 4a,a’ shows an even surface

morphology compared to coarse and uncompact appearance
with partially covered by some aggregations. Meanwhile,
PANI-coated hydrolyzed fabrics in Figure 4b,b’ shows a higher
aggregation of PANI particles that implied rough surface
adhesion. This occurrence encouraged electrical conductivity
as the fibers were completely coated with the conductive
network.

The DG conveys the percentage of PANI diffusion on
hydrolyzed fabrics. Figure 4c shows the effect of hydrolyzed
fabrics at various hydrolysis concentrations on the DG of
PANI, while the DG of PANI is tabulated in Table 2. The DG

of PANI in the hydrolyzed PES fabric increased linearly with
PES hydrolysis concentration from 0 to 12 wt %. The
maximum DG was 36.25 ± 0.60 wt %, which was higher than
the reported DG of Anbarasan et al.48 and Wu et al.,18 (Table
3). During this phase, the absorption capacity of PANI was

optimized in core yarns, which correlated to the SEM images
in Figure 4b,b’. The PANI precipitate filled the void and pores
in the hydrolyzed PES fabric. A further increase in the
concentration of the hydrolyzed fabric to 21 wt % produced a
significant plunge in the DG. It could be speculated that PANI

Table 1. Tensile Stress and Elongation Rate of Each Fabric

hydrolyzed PES fabric tensile stress (N) elongation rate (%)

bare PES fabric 520 64.5
6 wt % of NaOH 425 59.9
9 wt % of NaOH 328 55.0
12 wt % of NaOH 305 54.8

Figure 4. Surface morphology (a, a’) of the PANI-coated unhydrolyzed PES fabric and (b, b)’ PANI-coated hydrolyzed PES fabric via immersion at
300× and 800× magnifications, respectively. (c) Effect of the hydrolyzed fabric at various hydrolysis concentrations on the DG of PANI. (d)
Conductivity of PANI-hydrolyzed PES fabrics at various hydrolysis concentrations.

Table 2. DG of PANI in Various Concentrations of
Hydrolyzed PES Fabrics

hydrolyzed PES fabric (wt %) DG of PANI (%)

0 (bare/unhydrolyzed) 12.62 ± 0.72
3 16.58 ± 0.44
6 23.89 ± 0.52
9 30.96 ± 0.13
12 36.25 ± 0.60
15 36.18 ± 0.91
18 35.34 ± 0.60
21 36.16 ± 0.73

Table 3. Comparison of the DG of PANI into Fabrics

no. DG of PANI into fabrics reference

1. ∼9 wt % 48
2. ∼20 wt % 18
3. ∼36.25 wt % this study
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had reached its maximum absorption rate at this point, which
deterred the interdiffusion of PANI into the fibers.49 The
results of DG against hydrolyzed PES in various hydrolysis
concentrations reflected a similar trend with the water
absorption rate of hydrolyzed PES fabrics as discussed
previously. Collectively, the findings demonstrated that the
thermochemical path is a highly effective approach to graft
PANI onto fabrics.

The conductivity of PANI-coated hydrolyzed PES fabrics in
various hydrolysis concentrations showed similar growth
trends as the effect of the DG of PANI (Figure 4d). The
conductivity of each hydrolyzed fabric is listed in Table 4. The

12 wt % hydrolyzed fabric showed the highest conductivity
value of 5.15 ± 0.29 × 10−3 S cm−1 due to the excellent
conductive network of PANI on the fabric. There were no

significant changes in the conductivity value when the
hydrolysis concentration exceeded 12%. Therefore, the 12%
hydrolyzed PANI fabric and unhydrolyzed PANI fabric were
selected as samples for the washing durability test.

As seen in Figure 5, the conductivity value of unhydrolyzed
PANI was reduced by three orders of magnitudes after 10
washing cycles (Table 5). This conductivity decay implied the

weak durability of PANI fabrics.18 A significant drop in
conductivity was discovered after the fourth washing cycle
(from 3.30 ± 0.01 × 10−3 to 8.30 ± 0.02 × 10−5 S cm−1). This

Table 4. Conductivity of Hydrolyzed PANI Fabrics in
Various Hydrolysis Concentrations

hydrolyzed PES fabric (wt %) conductivity (S cm−1)

0 (bare/unhydrolyzed) 7.32 ± 0.15 × 10−4

3 9.73 ± 0.08 × 10−4

6 1.58 ± 0.87 × 10−4

9 3.22 ± 0.01 × 10−4

12 5.15 ± 0.29 × 10−4

15 5.10 ± 0.01 × 10−4

18 5.10 ± 0.01 × 10−4

21 5.08 ± 0.04 × 10−4

Figure 5. (a) Electrical conductivity of hydrolyzed and unhydrolyzed PANI fabrics in each washing cycle. Visual appearances in (b, b’) represent
the hydrolyzed PANI fabric, while (c, c’) represent the unhydrolyzed PANI fabric before and after washing. (d) Illustration of washing evaluation
on PANI fabrics and their plausible reactions. The postwashing SEM micrographs of (e) unhydrolyzed PANI fabric and (f) hydrolyzed PANI fabric
at 500× magnification.

Table 5. Changes in Conductivity of Unhydrolyzed and
Hydrolyzed PANI Fabrics in Each Washing Cycle

washing cycle

conductivity (S cm−1)

unhydrolyzed PANI fabric hydrolyzed PANI fabric

0 3.30 ± 0.01 × 10−3 5.15 ± 0.29 × 10−3

1 8.43 ± 0.26 × 10−4 4.22 ± 0.01 × 10−3

2 6.50 ± 0.05 × 10−4 4.10 ± 0.07 × 10−3

3 4.10 ± 0.04 × 10−4 3.92 ± 0.05 × 10−3

4 8.30 ± 0.02 × 10−5 3.80 ± 0.10 × 10−3

5 4.33 ± 0.06 × 10−5 3.75 ± 0.04 × 10−3

6 3.40 ± 0.02 × 10−5 3.70 ± 0.05 × 10−3

7 7.30 ± 0.02 × 10−6 3.69 ± 0.03 × 10−3

8 5.65 ± 0.06 × 10−6 3.68 ± 0.01 × 10−3

9 5.15 ± 0.07 × 10−6 3.66 ± 0.04 × 10−3

10 3.22 ± 0.01 × 10−6 3.65 ± 0.03 × 10−3
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conductivity depreciation could be attributed to the leaching of
PANI and dopants from the fabric. The mechanical actions of
scouring damaged the PANI coatings on the fabric. In
addition, the hydrogen bond breaking between the fabric and
PANI preceded dopant discharge. The increased temperature
during washing introduced kinetic energy that further
weakened the bond.6,50 All of these circumstances led to the
disintegration of PANI from the fabric.

From the fourth to tenth washing cycle, the conductivity
remained constant in one order of magnitude between 10−5

and 10−6 S cm−1. As shown in Figure 5a, the green appearance
of the unhydrolyzed PANI fabric was a sign of its emeraldine
salt state before the washing test. At this state, PANI was
conductive. After 10 washing cycles, the PANI fabric exhibited
slight visual changes to a nonuniform distribution of greenish-
blue color (Figure 5a’). The transition from green to blue was
characteristic of PANI’s switch from conductive to non-
conductive. The unhydrolyzed PANI fabric had poor durability
after 10 washing cycles.

Furthermore, its conductivity values entered the insulator
phase with three magnitudes of decrement.14 Since con-
ductivity was consistent under the fourth cycle, the washing
test was terminated at the tenth cycle. Interestingly, the
conductivity of the hydrolyzed PANI fabric remained at a
similar order of magnitude (∼10−3 S cm−1) throughout all
washing cycles. The thermochemical treatment of the PES
fabric improved the ability of the conductive network to
withstand the washing process. This evidence underlined the
credibility of PANI chemical grafting to produce conductive
fabrics with stable electrical characteristics. Furthermore,
hydrolyzed PES fabrics encouraged maximum integration of
PANI within the fibers by offering greater surface adhesion. In
the long run, this optimized integration would prolong the
lifespan of conductive fabrics. As shown in Figure 5b,b’, the
lack of color changes in the fabrics alluded to the status quo of
PANI’s conductive emeraldine salt state after the washing test.

Figure 5e shows SEM micrographs of postwashed
unhydrolyzed and hydrolyzed PANI fabrics. The surface of

the unhydrolyzed PANI fabric exhibited cracks. The cracks
were caused by the removal of PANI coating from the fabric
due to mechanical scrubbing and scouring during washing (as
illustrated in Figure 5d). Furthermore, factors like bond
breaking due to weak surface adhesion between PANI and the
dopant could lead to disintegration and deprotonation of the
conductive network from the fabric. These combined actions
played a role in conductivity depreciation. In contrast, the
homogenous surface of hydrolyzed PANI fabrics in Figure 5f
showed better fiber integrity with intact PANI coating on the
fabric after the washing test. Therefore, it was proven that
thermochemical treatment could reinforce the durability and
electrical functionality of PANI by modifying the surface
structure of the PES fabric.

The washing test was valuable in understanding the
durability of hydrolyzed and unhydrolyzed PANI fabrics with
respect to their conductivity value. After 10 washing cycles, it
was believed that PANI had leached from the fabric, which
compromised its electrical integrity. Hence, quantifying the
postwashing chemical composition or changes in PANI’s
protonation level provided more significant insights into the
fabric’s lifespan. XPS analysis was employed to quantify these
changes. The survey scan spectra in Figure 6a provides an
overall composition in the fabric; oxygen (O 1s ∼ 532 eV),
nitrogen (N 1s ∼ 400 eV), carbon (C 1s ∼ 285 eV), and sulfur
(S 2p ∼ 168 eV).

The primary elements of C 1s, N 1s, O 1s, and S 2p have
been scrutinized at high energy resolution. High-resolution C
1s spectra of the fabrics are presented in Figure 6b,b’,c,c’,
which revealed four prominent peaks at ∼284.51, ∼285.42,
∼286.31, and ∼286.93 eV. These peaks were attributed to C−
C/C−H, C−N/C−O, O�C−O groups, and π−π*, respec-
tively. Waware et al. discovered that the C−C group
corresponded to the polymer backbone, thus validating the
finding of this study.51 In the fitted peaks of Figure 6b, the
decreasing relative intensity of C−C/C−H in the hydrolyzed
PANI fabric was noted, while the intensity of two peaks (C−O
and O�C−O) rose significantly. This outcome demonstrated

Figure 6. (a) Survey scan spectra of before (BW) and postwashed (PW) hydrolyzed and unhydrolyzed PANI fabrics. The BW and PW C 1s core
spectra of (b, b’) hydrolyzed PANI fabric and (c, c’) unhydrolyzed PANI fabric.
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the modification of oxygen-containing polar functional groups
during the thermochemical treatment. According to Krylova et
al., these groups are primarily responsible for enhanced
wettability and grafted PANI in hydrolyzed PANI fabrics.52

A lower composition of the polar functional group is observed
compared to unhydrolyzed PANI fabrics in Figure 6c. The
shake-up satellite (π−π*) could be observed due to the
excessive interaction of photoelectrons.53 The area of high-
resolution spectra was measured to determine the elemental
compositions in BW and PW hydrolyzed and unhydrolyzed
PANI fabrics (Table 6).

The sulfur content of BW hydrolyzed and unhydrolyzed
PANI fabrics were 6.33 and 4.20%, respectively, according to
the S 2p core line spectra. As informed from N 1s spectra,
nitrogen content was 15.60 and 12.30% for BW hydrolyzed
and unhydrolyzed PANI fabrics, respectively. However, there
were slips in element composition after the washing test.
According to Mahat et al., these depreciations were caused by
the depletion of the dopant groups (−SO3

−) and PANI
(−NH2−) from the surface.15 An increase in carbon
composition (C 1s) could compensate for the loss of the
dopant in the PANI backbone. Further details on the oxidation
state change of N 1s and S 2p spectra are described in the
following section.

The N 1s core level spectra shown in Figure 7a,b were used
to track the chemical changes in hydrolyzed and unhydrolyzed

PANI fabrics while simultaneously observing protonation
changes in the polymer backbone. Due to the varying chemical
conditions, these spectra could be placed under four distinct
chemical states; imine (�N−) at 398.5 eV, amine (−NH−) at
399.5 eV, protonated amine (−NH2+) at 401.1 eV, and
protonated imine (�NH+) at 402.2 eV. After the washing test,
both hydrolyzed and unhydrolyzed PANI fabrics displayed a
decrease in peak intensity in protonated amine and imine
groups, as seen in Figure 7a’,b’. The drop in doping levels
indicated nitrogen elimination, which is similar to polaron/
bipolaron. The deprotonation level of N+ species was
calculated for overall nitrogen content (Table 7).

Postwashed unhydrolyzed PANI fabrics exhibited deproto-
nation levels of 36.99 and 26.61% due to the migration of tiny
anion dopants from the fabric during washing and their
extended cycles. The diffusion of dopant fragments and their
loss preceded this deprotonation. Therefore, this confirms our
earlier explanation that some of the pTSA-PANI structures had
contributed to breaking up its chain and leaching out from the
fabric substrate during the washing obstacle. The deprotona-
tion of PANI led to a reduced-salt form and loss of electrical
conductivity. In contrast, the hydrolyzed PANI fabric slightly
dropped its deprotonation level from 44.77 to 42.68%. This
distinct value (compared to the unhydrolyzed PANI fabric)
confirmed that the hydrolyzed PANI fabric had managed to
preserve protonated species of nitrogen contents after the
washing test. Moreover, this phenomenon suggests that the
novel thermochemical treatment that employed in hydrolyzed
fabrics proves to enhance the durability behavior of PANI in
the fabrics and maintain the longevity of its electrical
functionalities.

Cifarelli et al. found that the diffusion of tiny dopant anions
from the PANI fabric could justify the deprotonation
mechanism.54 Therefore, further quantification of sulfur
content is a viable technique to expose the disintegration of
dopants. The sulfur content in BW and PW hydrolyzed and

Table 6. Elemental Compositions of BW and PW
Hydrolyzed and Unhydrolyzed PANI Fabrics

fabric condition C (%) N (%) O (%) S (%)

hydrolyzed PANI fabric BW 48.94 15.6 29.13 6.33
PW 63.46 10.30 21.12 5.12

unhydrolyzed PANI fabric BW 65.39 12.30 18.11 4.20
PW 80.58 5.10 13.22 1.10

Figure 7. N 1s core line spectra: (a, a’) hydrolyzed PANI fabric and (b, b’) evaluation of before (BW) and postwashed (PW) unhydrolyzed PANI
fabric, respectively.
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unhydrolyzed PANI fabrics were quantified through the S 2p
core line spectra, as visualized in Figure 8a,b, respectively. It
described the sulfur in ring-attached monosubstituents like
SO3 and SO3H at a binding energy of ∼168.00 eV.55 Positively
charged nitrogen (NH2+) in doped PANI fabrics suggested an
electrostatic interaction with dopant anions (SO4

2−).56 Hydro-
lyzed PANI fabrics (Figure 8a) had significantly retained their
dopant compositions after washing (Figure 8a’). After washing,
a minor depreciation from 6.33 to 5.12% of total sulfate species
was observed. The presence of this element on postwashed
PANI validated the improvement of its stability that provided
better surface attachment in PANI-hydrolyzed fabrics, which
explains the key to the longevity in electrical functionality.
Comparing to the unhydrolyzed PANI fabric (Figure 8a’), the
higher drop of total sulfate species from 4.20 to 1.10% exhibits
weaker stability of dopant fragments with the PANI host in
postwashing (Figure 8b’).

■ CONCLUSIONS
We demonstrate the fabrication of conductive PANI integrated
onto a PES substrate to address the challenge of poor
durability and conductivity of conductive fabrics during the
washing test, where the leaching of the dopant could be
observed. The fabric’s color from green (conductive state) to
blue has been devised into a nonconductive form and faded.
The conductivity of the PANI fabric was reduced by three
orders of magnitudes from 3.30 ± 0.01 × 10−3 to 3.22 ± 0.01
× 10−6 S cm−1 due to leaching of dopants from the fabrics.
This drawback could hinder the fabrics’ functionality in field

applications, such as wearable bioelectronics. Here, the novel
thermochemical treatment was employed to the polyester
fabric. Consequently, the climbing PANI DG was found from
12.62% (unhydrolyzed fabric) to 36.25% (hydrolyzed fabric),
which suggested an improved adhesion between PANI and the
fabric. Contact angle analysis resulted in a significant 61.60%
reduction, confirming the successful enhancement of the
fabric’s hydrophilic properties. Additionally, the conductivity of
the hydrolyzed PANI fabric remained stable at a magnitude of
10−3 S cm−1 after 10 washing cycles, demonstrating improved
durability compared to the unhydrolyzed fabric (which
experienced a drop by three orders of magnitude).
Furthermore, investigation using XPS through N 1s core line
spectra revealed that the hydrolyzed PANI fabric preserved its
deprotonation level from 10.38 to 2.09% after washing,
indicating better retention of its electrical properties compared
to the unhydrolyzed fabric. The thermochemical treatment of
the PES fabric improved the durability of the conductive
network when the fabric was washed. Therefore, it was proven
that the grafting of PANI onto the fabric is a valid means to
prepare a conductive fabric with stable electrical characteristics.

■ ASSOCIATED CONTENT
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Table 7. Ratio of Nitrogen Species to Total Nitrogen Content of BW and PW Hydrolyzed and Unhydrolyzed PANI Fabrics

fabric condition imine (�N−) amine (NH−) protonated imine (NH2
+) protonated amine (�NH+) level of doping (%)

unhydrolyzed PANI fabric BW 0.36 0.27 0.19 0.18 36.99
PW 0.38 0.35 0.15 0.12 26.61

hydrolyzed PANI fabric BW 0.29 0.26 0.25 0.20 44.77
PW 0.15 0.42 0.24 0.19 42.68

Figure 8. S 2p core line spectra of the dopant fragment in (a, a’) hydrolyzed PANI fabric and (b, b’) BW and PW unhydrolyzed PANI fabric,
respectively.
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