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A B S T R A C T   

In this contribution, a novel flexible phase change textiles based on decanoic acid (DA) and polyamide 11 (PA11) 
blends with various DA/PA11 mass ratios, in which PA11 acted as the polymer matrix, and DA behaved as phase 
change ingredient, were developed via electrospinning. Besides, a conductive polypyrrole (PPy) coating was 
designed via in-situ polymerization. Morphological observations carried out by the SEM images demonstrated 
porous and highly homogeneous morphology with smooth, long, continuous, and free-bead fibers. Furthermore, 
forming of a uniform PPy layer on the surface was confirmed through the images. As such, conductive textiles 
with electrical conductivity up to 28.89 ± 1.50 S/m were prepared. Tensile testing showed that the mechanical 
properties did not change considerably after PPy coating. Moreover, the phase change performance was inves-
tigated using DSC analysis, where the melting and crystallization enthalpies were respectively 112.77 J/g and 
110.21 J/g in the textile with the highest DA loading, i.e., 70 wt%. More notably, the phase-change enthalpies 
did not change considerably after 100 DSC thermal cycles. Finally, significant electro- and photo-heat storage 
and conversion were observed for the conductive PCM textiles. Thus, this work introduced new flexible smart 
textiles with significant potential in wearable and protective systems.   

1. Introduction 

Nowadays, smart materials with intrinsic functionality in storing 
latent heat and regulating temperature, known as phase change mate-
rials (PCMs), have received significant attention, both scientifically and 
industrially. They can be found in both organic and inorganic materials 
as solid-solid, solid-liquid, solid-gas, and liquid-gas systems [1–3]. In the 
last few years, organic solid-liquid PCMs, like paraffin wax, fatty acids, 
polyols, and polymers, have received more attention in heat storage and 
thermal management applications. Examples include solar energy stor-
ing systems, air conditioning systems, heat sinks in electronics, smart 
thermal buffering clothing, heat biosensors for detecting biological 
species, and wound dressing for thermal protection of healthy tissues 
during cryosurgery of tumor cells [4–7]. Furthermore, the ability of 
PCMs to store/release the heat produced by electricity has also been 
proved. Thus, they have been widely applied in delay switches, off-peak 
electricity conversion, hybrid electric vehicles, heat sinks of mobile 
electronic devices, radiant floor heating, and electric-thermal media for 

clean energy utilization [8]. Nevertheless, their prone to fluidization as 
well as their considerable volume expansion during phase transition, are 
two features limiting the PCMs’ practical application. Form stabilization 
is one of the solutions to addressing these drawbacks effectively. As 
such, considerable efforts have been made to design and fabricate 
form-stable PCM composites [9,10]. Electrospinning, as a simple and 
convenient method, offers a straightforward continuous fabrication 
process for stabilizing PCMs in the network of different polymers 
without leakage [11,12]. 

Smart clothing is a variety of responsive products equipped with 
smart elements, enabling beyond the cover, e.g., self-sensing, self- 
adaption, self-healing, etc. They have found many applications, 
including flexible displays, protective garments, wearable sensors, and 
energy devices [9,13]. Likewise, the integration of PCMs into fibers can 
offer exciting opportunities for smart clothing in making stronger 
adaptability of the human body to environmental temperature. Here, 
flexibility and stretchability are two key features to fulfill the demand 
for body movement. Most PCMs, on their own, do not provide any 
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flexibility required for developing smart clothing. Therefore, efforts 
have been made to integrate PCMs inside flexible textiles to fabricate 
smart clothing [9,14–17]. Thanks to its high strength, stiffness, and 
flexibility, polyamide has been widely used as a fabric. Furthermore, the 
form stabilization of PCMs with polyamide fibers, mainly polyamide 6, 
has been practiced for leakage control [16,18–23]. Polyamide 11 
(PA11), a castor oil-based polymer, is an attractive polyamide used as an 
engineering plastic in different industrial fields, from automotive parts 
to offshore oilfield [24,25]. However, there is no scientific report on the 
form stabilization of PCMs using PA11 to develop smart textiles or other 
applications. We hypothesized that the higher melting point of PA11 
(~190 ◦C) than the room temperature makes it a potential support in 
developing form-stable phase change textiles. 

On the other hand, due to the desired properties and characteristics, 
such as the large capacitance for latent heat, the appropriate phase 
change temperature range, the low vapor pressure of melts, little super- 
cooling during phase transitions, and non-toxicity, fatty acids have been 
extensively studied as a promising type of PCMs [18]. We hypothesized 
that integrating fatty acids with PA11 fibers can introduce a fully 
bio-based smart textile for previously mentioned applications. Yet, for 
some advanced electrical-thermal applications, such as energy conver-
sion and storage systems, the fatty acid/PA11 blend is seriously limited 
by the inherent low thermal conductivity, electrical insulation, and poor 
sunlight absorption. Incorporating photo absorbers and conductive 
materials could efficiently improve the performance of the selected PCM 
composite in energy conversion and storage systems by reducing the 
photon/electro-to-thermal conversion gradient. In similar research, 
metal powders, boron nitride, expanded graphite, carbon nanotubes, 
and other randomly distributed high thermal conductive fillers have 
been incorporated into the PCMs-based systems to endow the developed 
composites with electric-harvesting abilities. Still, conductivity 
remained low because forming interconnected conductive pathways by 
directly adding powders or fibers is challenging. More notably, adding 
excessive conductive fillers caused phase separation and sacrificed the 
mechanical properties of the composite PCMs [4,8,9]. Conductive 
polymers, e.g., polypyrrole (PPy), with relatively high electrical con-
ductivity, chemical stability, and ease of synthesis [26], can effectively 
address these issues. Although PPy’s direct blending with electro-
spinning solution and thereby fabricating conductive textiles might be 
challenging, in-situ polymerization of PPy onto textile fibers could be 
considered a feasible approach to fabricate conductive fabrics [27–29]. 

To this aim, we presented an electrospinning-based strategy to 
develop smart thermal buffering textiles with excellent mechanical 
properties, high enthalpy, and temperature responsiveness using dec-
anoic acid (DA) as PCM and PA11 as a supporting matrix. Furthermore, 
we coated a layer of conductive PPy onto the fabricated textiles through 
in-situ polymerization. The PPy layer was formed on the fibers’ surface 
with the idea of developing a strong H-bonding between the polyamide/ 
fatty acid substrate and PPy, resulting in conductivity values up to 28 S/ 
m. The smart energy storage fibers with excellent shape and mechanical 
stabilities, high heat storage capacities, and electric-to-thermal conver-
sion ability provide new alternative smart textiles in wearable and 
protective systems. 

2. Experimental 

2.1. Materials 

Polyamide 11 (PA11) FMNO grade was provided by Arkema. Dec-
anoic acid (DA, >98%), pyrrole, and 1,1,1,3,3,3-Hexafluoropropan-2-ol 
(HFIP, >99.0%) were purchased from Tokyo Chemical Industry. Hy-
drochloric acid (HCl, 37%) and Iron(III) chloride (anhydrous, powder, 
≥99.99% trace metals basis) were obtained from Sigma-Aldrich. 
Distilled water (DI) was used as a solvent media. 

2.2. Phase change textiles fabrication 

Fabrics were prepared by an in-house electrospinning device 
equipped with a high-voltage power supply (0–30 kV), a rotating col-
lector (0–1000 rpm), and a syringe pump. A 12 ml polyethylene syringe 
with a 20 gauge needle was used for spinning the solutions. First, a 15 wt 
% of PA11 in HFIP was prepared by dissolving PA11 granules into HFIP 
at 50 ◦C. Then, it was used to spin a plain polyamide fabric. The elec-
trospinning parameters, including voltage, needle-to-collector distance, 
collector speed, and feed rate, were selected as 22 kV, 11 cm, 100 rpm, 
and 25 μl/min. They were optimized experimentally by monitoring the 
quality of the fibers. Temperature and humidity were 24 ◦C and 30%, 
respectively. Following, PCM fabrics were prepared by adding different 
concentrations of DA into the PA11 solution. The overall amount of DA 
and PA11 was fixed at 30 g in 100 ml HFIP solvent (equivalent to 30 wt 
%), and the mass ratio between DA and PA11 was determined as 15/15, 
18/12, and 21/9. They were coded as FAP1, FAP2, and FAP3, 
respectively. 

2.3. In-site polymerization of polypyrrole 

The PPy was deposited on the PCM textiles using a chemical poly-
merization method. The textile was cut to 3 cm ✕ 3 cm and weighted 
(m0). It was placed into a beaker under a nitrogen flow and kept inside 
an ice bath. The spun fabric was impregnated with an identical amount 
of pyrrole (m0) added to both sides. The sample was let to soak for 2 h. 
Then, a calculated amount of FeCl3 dissolved in 1 M HCl was added at 
once to the pyrrole-wetted textile. The system was kept for 8 h without 
any stirring. After that, the PPy-coated fabric was removed and washed 
several times with DI water to remove unreacted monomer and FeCl3, as 
well as not grafted PPy molecules. The PPy-coated fabrics were then 
dried at room temperature for 48 h. The PPy-coated PA11, FAP1, FAP2, 
and FAP3 fabrics were designated as PA-PPy, FAP1-PPy, FAP2-PPy, and 
FAP3-PPy, respectively. 

2.4. Characterization 

The chemical structure was analyzed by an FTIR (Fourier transform 
infrared) with ATR spectrometer model PerkinElmer. The spectra were 
collected in a wavenumber range from 4000 cm−1 to 500−1, with a scan 
number of 16 and a resolution of 4 cm−1. The morphology of the spun 
fibers before and after PPy coating was investigated by an SEM (Scan-
ning electron microscopy) device model Zeiss Sigma VP. A thin layer 
(~4 nm) of gold-palladium was coated on the surface before the imag-
ing. The diameter of at least 100 fibers was extracted by ImageJ soft-
ware, averaged, and reported. The surface wettability was characterized 
by the water contact angle measurement performed on a Theta Flex 
optical tensiometer. A 10 μl water droplet was placed on the sample’s 
surface, and the contact angle was measured after 10 s and 60 s. The 
thermal decomposition was monitored by thermogravimetric analysis 
(TGA) performed on a TA Instruments device model Q500. The sample 
was heated under a nitrogen atmosphere from 30 ◦C to 800 ◦C with a 
heating rate of 10 ◦C/min. The electrical conductivity and resistance 
were measured with a four-point probe (Four-point probe system from 
Ossila, UK). The sample was cut by 1 cm ✕ 1 cm and its average 
thickness was measured and entered into the device prior to the mea-
surement. The mechanical properties were measured by a Universal 
Tester Instron model 5944. A strip-shaped sample (3.2 mm ✕55 mm) 
was cut using a sharp cuter and stretched at a 2 mm/min speed with a 
load cell of 2 kN. The sample was conditioned for 72 h at a temperature 
and relative humidity of 24 ◦C and 55%, respectively. The plain DA, as 
well as FAP3 and FAP3-PPy fabrics, were kept in the oven at 60 ◦C for 2 
h. Photographs of the samples before and after heating were captured to 
investigate the probable leakage of DA from the PCM fabrics. The phase 
change performance was examined by DSC (differential scanning calo-
rimetry) measurement performed on a TA Instruments model Discovery 
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DSC 250 Auto. The sample was first equilibrated at −10 ◦C, then heated 
up to 60 ◦C with a heating rate of 5 ◦C/min, and finally cooled down to 
−10 ◦C. The heating-cooling cycles repeated three times under a nitro-
gen atmosphere. The phase change properties were extracted from the 
third cycle. The DA loading ratio (LR) in the fabrics was calculated by 
the following equation and compared with the experimental value. 

LR(%) =
ΔHmm + ΔHcm

ΔHmd + ΔHcd
× 100 1  

where ΔHmm, ΔHcm, ΔHmd, and ΔHcd represent the melt and the crys-
tallization enthalpy of the PCM fabrics and the melt and the crystalli-
zation enthalpy of neat DA, respectively. The phase change properties of 
the sample after the leak test were measured to investigate the stability 
of the developed PCM fibers. Besides, their cyclability was determined 
by subjecting the sample to 100 heating-cooling cycles. The thermal 
conductivity of the textile was measured using a TCi Thermal Conduc-
tivity Analyzer (C-Therm) that employed a modified transient plane 
source (MTPS) technique. A disk-shaped sample with a diameter of 15 
mm was utilized for the measurement. The fabricated textile was 

exposed to light irradiation (studio 2000 OSRAM), and the temperature 
distribution was measured by thermal couples and recorded by a data 
acquisition system. The test was repeated while the textile was under a 
constant voltage. 

3. Results and discussion 

Fig. 1 represents the process of textiles fabrication as well as pyrrole 
in-situ polymerization on the textiles’ surface schematically. PPy is a 
well-known H-bond donor [30]; hence, it can develop strong H-bonding 
with amine groups of PA11, as well as carboxyl groups of DA, leading to 
a stable conductive PPy layer on the DA/PA11 substrate as depicted in 
Fig. 1. 

3.1. Chemical composition and surface properties 

The FTIR spectra of PA11, DA, and the electrospun fabrics, i.e., FPA1, 
before and after coating are presented in Fig. 2a. The characteristic 
peaks of PA11 were similar to those reported for polyamides [31,32]. 

Fig. 1. Schematic representation of the conductive PCM textiles fabrication.  

Fig. 2. a) FTIR spectra and b) TGA thermograms of the samples. The water contact angle for different samples c) 10 s and d) 60 s after deposition.  
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Namely, a band at 3281 cm−1 was assigned to the hydrogen-bonded N–H 
stretching, the peaks at 2912−1 and 2851 cm−1 were attributed to 
asymmetric and symmetric stretching –CH vibrations of methylene 
groups, and the bands at 1631 cm−1 and 1545 cm−1 originated from 
stretching of the amide groups. Likewise, the characteristic peaks of DA 
matched those reported in the literature [33]. For instance, –CH3 and 
–CH2 symmetrical stretching vibrations appeared at 2915 cm−1 and 
2855 cm−1, C–O and C––O symmetrical stretching vibrations were 
revealed at 943 cm−1 and 1695 cm−1, respectively, and the vibrations of 
–OH were obtained at 1430 cm−1, 1305 cm−1, and 724 cm−1. PA11 and 
DA’s characteristic peaks could be seen in the PCM fabric, i.e., FAP1, 
indicating the lack of any chemical reaction between the two compo-
nents. The FTIR spectrum of the PPy-coated fabric, i.e., FPA1-PPy, 
significantly differed from the FAP1 one. The appeared peak agreed 
well with those reported for PPy [34]. For example, N–H contraction 

vibration appeared as a peak at 3421 cm−1, the C––C stretching vibra-
tion of the pyrrole ring provided a band at 1545 cm−1, the in-plane 
bending vibration of C–H on the ring resulted in a peak at 1025 cm−1, 
and pyrrole ring vibration, =CH in-plane vibration, C–N stretching, and 
N–H in-plane absorption of the pyrrole ring originated characteristic 
peaks at 1542 cm−1, 1433 cm−1, 1122 cm−1, and 1035 cm−1, respec-
tively [30]. Thus, FTIR confirmed that the deposited layer on the surface 
of FA1-PPy was a PPy layer. 

TGA thermograms (Fig. 2b) were employed further to investigate the 
composition of the PCM and surface-coated fabrics and to study the PPy 
content qualitatively. The neat PA11 fabric presented a typical one-step 
thermal decomposition between 350 ◦C and 500 ◦C, with a maximum 
decomposition rate at 450 ◦C and an approximately zero residual weight 
percentage at 800 ◦C [31,32]. Likewise, DA revealed a typical one-step 
thermal decomposition behavior between 100 and 200 ◦C with a 

Fig. 3. SEM images and diameter distribution of a) and b) PA11, c) and d) FAP1, e) and f) FAP2, and g) and h) FAP3 fabrics.  
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maximum thermal decomposition peak at 190 ◦C and a residual weight 
percentage of approximately zero percent at 800 ◦C [35]. Both PA11 and 
DA decomposition stages could be seen in the PCM textile, i.e., FAP1, 
containing 50 wt% of each component. Besides, as expected, it showed 
approximately zero percent residual at 800 ◦C. The PPy-coated sample, 
i.e., FAP1-PPy, also presented a similar decomposition behavior, except 
that the residual weight percentage was approximately 2.63% at 800 ◦C. 
The difference between the residual weight of FAP1-PPy and the pristine 
FAP1, as well as pristine PPy at 800 ◦C, were used to determine the 
amount of deposited PPy [36]. The residual weight percentage of pris-
tine FAP1 at 800 ◦C was approximately zero percent, while that of 
FAP1-PPy was 2.63%, and it was approximately 38.88% for pristine PPy. 
Thus, the PPy amount in the FAP1-PPy was calculated as 7.3%. 

The wetting properties of the electrospun mats were examined by the 
water contact angle measurement. A droplet of water solution was 

placed on the sample surface, and the static contact angle was deter-
mined after 10 s (Figs. 2c) and 60 s (Fig. 2d). All samples presented a 
relatively hydrophobic surface with a water contact angle of over 100◦, 
specifying a hydrophobic characteristic. The highest hydrophobicity 
was observed for the PA fabric, in which the contact angle was around 
130◦. The contact angle was almost the same after 60 s, indicating a 
stable surface characteristic [37]. In the PCM fabrics, the water contact 
angle decreased, whereas the sample with a higher DA loading showed 
the lowest contact angle. In other words, by increasing the fatty acid 
content, the hydrophobicity of the surface was altered, which could be 
due to the less hydrophobic property of DA compared to PA11. Thus, the 
PA11 surfaces could be readily controlled by using decanoic acid. The 
lower hydrophobicity in the PCM fabrics could be considered a positive 
property for PPy coating. As already explained, the pyrrole surface 
polymerization was designed in the current study to make the spun 

Table 1 
Electrical and mechanical properties of the electrospun fabrics.  

Sample Diameter 
(nm) 

Conductivity (S/ 
m) 

Sheet resistance (S/ 
Square) 

Thermal conductivity (W/ 
mK) 

Tensile modulus 
(MPa) 

Tensile strength 
(MPa) 

Tensile strain 
(%)  

Before coating 
PA 140 ± 70 —a —a 0.096 ± 0.006 56.72 ± 2.70 6.85 ± 0.29 114 ± 6 
FAP1 180 ± 80 – —a 0.075 ± 0.005 12.63 ± 0.61 4.11 ± 0.19 110 ± 6 
FAP2 200 ± 85 – —a 0.064 ± 0.005 10.75 ± 0.44 2.94 ± 0.12 73 ± 4 
FAP3 210 ± 85 – —a 0.067 ± 0.008 10.11 ± 0.51 2.6 ± 0.11 60 ± 3  

After coating 
PA-PPy – 3.32 ± 0.17 230 ± 12 0.141 ± 0.05 62.36 ± 3.20 7.43 ± 0.41 114 ± 8 
FAP1- 

PPy 
– 14.44 ± 1.02 125 ± 9 0.252 ± 0.05 16.22 ± 0.75 4.54 ± 0.32 95 ± 5 

FAP2- 
PPy 

– 19.65 ± 0.88 95 ± 4.2 0.271 ± 0.07 15.42 ± 0.77 3.34 ± 0.15 60 ± 3 

FAP3- 
PPy 

– 28.89 ± 1.50 32 ± 1.7 0.288 ± 0.07 17.41 ± 0.95 2.67 ± 0.19 54 ± 3  

a Out of the device measurement range. 

Fig. 4. SEM images a) PA11-PPy, b) FAP1-PPy, c) FAP2-PPy, and d) FAP3-PPy. SEM images from the cross-section area of e) FAP1-PPy, f) FAP2-PPy, and g) 
FAP3-PPy. 
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fabrics conductive. A more hydrophilic surface allowed better surface 
impregnation with pyrrole monomers, thereby achieving a better PPy 
coating with higher conductivity after polymerization, as will be dis-
cussed in the following sections. It is worth notifying that all PPy-coated 
PCM textiles presented highly hydrophilic surface properties, in which 
the water droplets adsorbed immediately after deposition. As Baig et al. 
[30] reported, it could be due to the formation of H-bonding between 
PPy and water molecules, which makes a super-hydrophilic surface after 
PPy surface polymerization. 

3.2. Microstructure study 

SEM imaging was employed to examine the morphology of the 
electrospun fabrics. The representative SEM images and diameter his-
togram of the produced nanofibers are given in Fig. 3. In all samples, 
structures were porous and highly homogeneous, with smooth, long, 
continuous, and free-bead fibers. Furthermore, the fibers’ diameter was 
uniform along their length, without any evidence of fibers flatting. These 
observations indicated that the spinning parameters used in this 
experiment were suitable for preparing fibers in both neat PA and PCM 
textiles. Moreover, it could be seen that PCM fabrics exhibited well and 
stable nanofibrous network structure without any leakage of the DA, 
indicating that electrospun PA11 nanofibers could be acted as a kind of 
supporting material for decanoic acid PCM by capillary force adsorption 
and surface tension [38]. It is worth bearing in mind that in some 
research works that have been done on stabilizing fatty acid with 
polymer fibers, irregularly shaped defects, such as drops or mists, have 
been observed at a high loading of fatty acid attributed to the weakening 
of conjugations among polymer chains in the presence fatty acids, 
insufficient dispersion of fatty acids in polymer solutions, and the 
limited encapsulation capability of the selected polymer support [39]. 
However, in the current study, even at a very high DA loading of 70 wt 
%, i.e., FAP3 fabric, no apparent defect could be seen, proving the great 
potential of PA11 in stabilizing decanoic acid. The average diameter of 
the fibers is summarized in Table 1. The diameter increased from 140 ±
70 nm to 210 ± 85 nm over the addition of DA, which could be ascribed 
to the decreased charge density and surface tension, impeding the 
stretching of the jet yet, increasing the fibers’ diameter [40,41]. It is 
worth noticing that we tried to spin the neat DA; however, we could not 
get high-quality bead-free fibers. In other words, the spinnability of the 
solution was due to the polyamide portion. When polyamide is mixed 
with a solvent, e.g., HFIP, its reactive functional groups may yield 
chemical exchange reactions. As a result, the solution shows a 
poly-electrolytic behavior. The applied strong electric field during 
electrospinning further drives the reactive ions in the polymer solution 
and forces them to come out from the needle tip. By relaxing the elec-
trical stress aligned high-aspect ratio fibers are formed [42]. 

The morphology of the nanofibers after PPy surface polymerization 
was monitored by SEM images. The micrographs from the surface and 
cross-section of the PPy-coated textiles are presented in Fig. 4. A rough 
surface in which particles with nearly spherical morphology were uni-
formly distributed throughout the fibers could be seen in all samples, 
indicating the successful polymerization of pyrrole monomers [43]. 
Furthermore, no evidence of PPy agglomeration could be found, sug-
gesting uniform growth of the PPy chains over the employed oxidative 
polymerization of pyrrole monomer. In all samples, especially the PCM 
textiles, all fibers were thoroughly covered by the polymeric mass of 
PPy, in which PPy particles were completely in contact with each other, 
a critical feature of having an electrically conductive surface. The higher 
the DA loading, the denser the PPy coating, which could be due to the 
higher surface wettability, as previously observed and discussed. 
Noticeably, the conductive fabrics still exhibited a well-developed 
porous structure, confirming that the in-situ polymerization did not 
cause the blocking of the pores of the mats. 

SEM images taken from the cross-section area of the conductive PCM 
textiles, including FAP1-PPy, FAP2-PPy, and FAP3-PPy, were used to 

monitor the thickness of the coating layer. As provided in Fig. 4f, the 
thickness of the electrospun fabric (FAP2-PPy) was approximately 600 
μm, roughly 400 μm of which was coated by the PPy particles. It means 
the pyrrole monomer penetrated to some extent into the inner layers of 
the spun fibers, and the polymerization was also done inside the fibrous 
structure. As can be seen, in the samples with a higher content of DA 
(Fig. 4g), more fibers were coated with PPy, which could be explained 
by the higher surface wettability at higher DA loadings. 

3.3. Electrical and thermal conductivity 

Due to alternating single-bond and double-bond in PPy’s chemical 
structure as well as a conjugated polymer chain, PPy provides relatively 
high electrical conductivity. On the other hand, in-situ polymerization of 
PPy onto different structures has been reported as a feasible approach to 
fabricating PPy into various templates and creating a conductive surface 
[27,44]. The electrical conductivity (S/m) of the electrospun fibers 
before and after PPy coating as well as the sheet resistance values 
(S/Square) are summarized in Table 1. Before any treatment, i.e., sur-
face polymerization, the fabrics were obviously electrically insulated. 
The in-situ polymerization resulted in the immobilization of PPy coating 
adhered to the polyamide/decanoic acid continuous fibrous network, 
and a continuous conducting pathway was formed, which enabled the 
fabrics to conduct electrons [45]. The conductivity enhanced with the 
increase in the DA contents, which could be due to the higher wettability 
of the surface, as previously observed and discussed. In other words, the 
PPy-coated fibers’ shell became intact and thicker with a further in-
crease in the DA portion; thus, contacts between conducting polymer 
regions remained less isolated from non-conducting regions and facili-
tated electrical conduction, resulting in a quick rise in conductivity [46]. 
The highest conductivity was 28.89 ± 1.50 S/m in the FAP3-PPy PCM 
textile, which was in the range of conductivity for conductive polymer as 
well as PPy-coated electrospun fabrics [47–49]. This indicated the sta-
bilization of an excellent and compact PPy layer on the fibers’ surface 
through the employed in-situ polymerization method. 

Thermal conductivity plays a crucial role in efficiently converting 
solar energy into thermal energy. A high thermal conductivity ensures 
rapid heat transfer in PCM composites, thereby reducing the phase 
transition time [50]. In order to assess the thermal conductivity of the 
fabricated textiles, measurements were conducted, and the results are 
summarized in Table 1. The initial thermal conductivity of the textiles, 
prior to PPy coating, was relatively low. Specifically, the electrospun 
PA11 nanofibers exhibited a thermal conductivity of 0.096 ± 0.006 
W/mK, significantly lower than the reported values for polyamides [51]. 
This lower thermal conductivity can be attributed to the porous struc-
ture of the spun mat, which hinders heat transfer within the sample. 
Furthermore, the PCM-integrated composites exhibited even lower 
thermal conductivity, likely due to the intrinsic lower thermal conduc-
tivity of decanoic acid compared to polyamide 11 [52]. 

Remarkably, all composite PCMs demonstrated a significant 
improvement in thermal conductivity after the application of PPy 
coating. For instance, the thermal conductivity of the FAP3 textile 
increased by approximately 330%, strongly confirming the beneficial 
effect of PPy coating on improving the substrate’s thermal conductivity. 
The thermal conductivity showed a proportional increase with the DA 
content, which can be attributed to the higher electrical conductivity of 
textiles with greater DA loading, as previously observed and discussed. 
Importantly, the obtained results align with those reported for PPy- 
coated substrates [50,53], indicating the potential use of PPy-coated 
composites as thermal energy storage materials in practical applica-
tions [54]. 

3.4. Mechanical properties 

The mechanical characteristic is one of the main parameters identi-
fying the practical application of the newly developed materials. 
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Therefore, the mechanical properties of the electrospun fabrics before 
and after surface coating were evaluated by tensile testing. The typical 
stress-strain curves and graphs comparing some important mechanical 
properties, i.e., tensile modulus, tensile strength, and tensile strain 
before and after surface coating, are illustrated in Fig. 5 and Table 1. The 
highest tensile modulus, tensile strength, and elongation at break were 

observed for the pristine PA11 fabric. All the above-mentioned me-
chanical properties decreased systematically upon the increase in the DA 
content. For instance, the tensile strength dropped from 56.72 ± 2.7 
MPa in PA11 to 10.11 ± 0.51 in the FAP3 mat. The relatively high 
mechanical characteristics of plain PA11, previously reported by other 
researchers [55], may stem from the hydrogen bonding ability in the 

Fig. 5. Stress-strain curves of electrospun mats a) before and c) after coating with PPy. c) comparison of different mechanical properties of the electrospun mats 
before and after coating with PPy. 

Fig. 6. DSC thermograms of neat DA and electrospun mats a) before and c) after PPy coating. c) the 1st and 100th DSC thermograms of FAP3-PPy. d) DSC DSC 
thermograms of FAP3-PPy before and after the leak test. e) and f) photograph of DA, FAP3, and FAP3-PPy before and after the leak test at 60 ◦C. 
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PAs, resulting in better bonding between the layers of individual fibers. 
The dramatic reduction in mechanical performance could be justified by 
the poor mechanical properties of the plain DA as well as less hydrogen 
bonding density in the PCM fabrics. It could also be due to the lubri-
cant/plasticizing effect of the fatty acid [56], as the tensile modulus also 
reduced considerably in the PCM textiles. The higher fibers’ diameter in 
the PCM mats might be another reason for their noticeably lower me-
chanical performance [57]. It might be worth mentioning that the 
observed mechanical properties of the fabrics agreed well with the range 
reported for most electrospun polymer fabrics [47,58,59]. On the other 
side, as provided in Fig. 5, the mechanical properties slightly improved 
after the in-situ polymerization of pyrrole, which might be due to the 
hydrogen bonds of the PA11 and PPy [47,60]. As previously mentioned, 
conducting polymers like PPy have their shortcomings, such as fragility 
and rigidity, which lead to low mechanical strength after compounding 
with polymer substrate. Thus, our results strongly proved the benefit of 
pyrrole in-situ polymerization in developing conductive composites with 
significant mechanical properties. 

3.5. Heat storage performance 

In the practical applications of thermo-regulating textiles, the ther-
mal properties generally play a crucial role. Thus, the heat storage ca-
pacity and the thermo-regulation property of the developed PCM textiles 

were measured using DSC. The melting-freezing process of PA11, FAP1, 
FAP2, and FAP3, as well as the neat DA, are illustrated in Fig. 6. Besides, 
the phase change properties, including onset temperatures, Tm, Tc, and 
phase change enthalpies, taken from DSC thermograms, are listed in 
Table 2. PA11 presented neither exothermic nor endothermic peaks, 
indicating that it had no phase change performance in the test temper-
ature range. Unlike PA11, during the temperature change process, two 
prominent transition peaks were clearly observed in the DSC heating 
and cooling curves of pure DA, attributed to the destruction/formation 
of anisotropic lattices of crystalline decanoic acid multicores. In other 
words, DA underwent solid-liquid phase transitions in this temperature 
range, resulting in heat storage or heat release. The exothermic peak 
(crystallization peak) appeared at approximately 24.5 ◦C, while the 
endothermic one (melting peak) was around 31.5 ◦C. There was no 
obvious difference between the melting and solidification temperatures 
of neat DA and PCM textiles, indicating that the fabrics’ crystallization 
process was not different from that of the pure DA. Moreover, the 
polyamide chains did not restrict the DA crystallization. However, the 
phase change enthalpies decreased proportionally to the DA contribu-
tion, specifying that the heat storage capacity of the developed phase 
change fibers was governed by a load of PCM in them. For example, the 
melting enthalpy reduced from 162.75 J/g in the neat DA to 80.25 J/g in 
the FAP1 containing 50 wt% DA. The phase change enthalpy values 
were used to calculate the loading ratio (LR) through Equation (1). The 
calculated values are tabulated in Table 2. In all PCM mats, the calcu-
lated LR had good agreement with the experimental values, indicating 
the formation of the uniform solutions via mixing PA and DA as well as 
efficient loading of the DA into polyamides nanofibers. Likewise, the 
DSC curves, as well as the phase change properties of the samples after 
PPy surface polymerization, are presented in Fig. 6 and Table 2. After 
PPy coating, the phase change enthalpies reduced, obviously due to the 
reduction in the portion of phase change DA. According to the amount of 
coated PPy, i.e., 7.3%, previously calculated from TGA data, the LR 
values were slightly lower than expected, which might be due to 
incomplete crystallization of PCM in the fiber after PPy coating [61]. 

The thermal cycling was performed on the conductive textile with 
the highest DA content, i.e., FAP3-PPy, to examine the thermal cyclic 
(100 times) reliability of the produced conductive PCM textiles. The 1st 
and 100th cycles are presented in Fig. 6c. Furthermore, the whole 100 
cycles are plotted in Fig. S1. Notably, no distinct changes were observed 
in the phase change temperatures and phase change enthalpies of FAP3- 
PPy after 100 cycles. For instance, both the melting and the crystalli-
zation enthalpy values after 100 times thermal cycles were almost 
equivalent to those of the first cycle within the measurement un-
certainties (Table 2), indicating the favorable thermal storage stability 
of as-prepared nanofibrous mats, which is a must for long-term use as 
PCM [62,63]. 

The melting/crystallization processes take place when the tempera-
ture reaches the phase transition temperature of DA, and the molten DA 
may leak, restricting the practical application of the developed PCM 

Table 2 
Phase change properties of the electrospun mats before and after PPy coating.  

Sample Onset 
(◦C) 

Tm 

(◦C) 
ΔHm 

(J/g) 
Onset 
(◦C) 

Tc 

(◦C) 
ΔHc (J/ 
g) 

LR 
(%) 

Before coating 
PA11a – – – – – – – 
DA 29.56 31.35 162.75 27.81 26.46 161.24 – 
FAP1 28.93 30.57 80.25 27.55 27.19 79.81 49.4 
FAP2 27.89 30.62 96.74 26.22 25.85 95.81 59.4 
FAP3 28.58 31.05 112.77 28.58 26.65 110.21 68.8 
After coating 
PA11- 

PPy 
– – – – – –  

FAP1- 
PPy 

29.42 31.99 74.45 27.47 26.58 73.75 45.7 

FAP2- 
PPy 

29.44 31.41 89.35 27.96 26.97 88.68 54.9 

FAP3- 
PPy 

29.17 31.52 104.03 27.51 27.19 103.39 64.1 

FAP3- 
PPy 

29.17 31.52 103.95 27.51 27.19 103.21 64.1 

FAP3- 
PPy 

29.17 31.52 103.96 27.51 27.19 103.23 64.1 

II Data are for the 100th cycle. 
III The data are for after the leak test. 

a PA11 did not show any phase change properties in the operating tempera-
ture range (−10 ◦C–60 ◦C). 

Fig. 7. a) Schematic illustration of the design setup for evaluation of the photo-/electro-thermal energy conversion and storage performance of the developed 
textiles. b) Temperature curves of the developed fabrics under b) voltage and c) light irradiation. 
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textiles. Therefore, the leakproof performance and shape stability of 
samples should be proved. The FAP3 and FAP3-PPy samples, as well as 
pure DA, were placed in a 60 ◦C oven to compare their leakage. The 
digital photos of the samples before and after the leak test are illustrated 
in Fig. 6e and f. As clearly seen, the pure DA completely melted, and the 
white bottom paper wetted, while no sign of paper wetting could be 
observed in the PCM textiles, indicating that the phase change process 
happened inside the nanofibers without any pronounced leakage. The 
leaked test sample, i.e., FPA3-PPy, was subjected to DSC measurement 
to calculate its phase change performance. The DSC graph is provided in 
Fig. 6d, and the relevant data are tabulated in Table 2. No obvious dif-
ferences were seen in the phase change properties of the sample after the 
leak test, further proving the lack of DA leakage during the phase change 
process. To conclude, the DSC results proved that DA determined the 
heat storage capacity of the composite fabrics and performed its phase 
changes successfully. Moreover, the developed PCM fabrics had the 
property of heat storage and temperature regulation around 30 ◦C. Be-
sides, the PCM textiles possessed excellent reliability, as well as leak-
proof performance. All in all, the developed PCM fibers are expected to 
provide valuable references for developing conductive thermo- 
regulating textiles. 

3.6. Electro-/photo-thermal performance 

The electro-thermal and photo-thermal energy conversion/storage 
performance of the developed conductive textile, e.g., FAP3-PPy, were 
evaluated by applying voltage/light and monitoring the temperature 
using thermocouples on a setup design in our lab. The setup is sche-
matically presented in Fig. 7a. The PCM fabric before surface coating 
with PPy, i.e., FAP3, was also tested for comparison. As already observed 
and discussed, PPy was uniformly deposited on the fabric, forming a 
continuous conductive path, which endowed the FAP3-PPy textile with 
good electrical conductivity. Thus, the FAP3-PPy textile was expected to 
respond rapidly to electrical stimuli; thereby, the electrical energy could 
be efficiently converted into thermal energy as Joule heat along the 
conductive path. As depicted in Fig. 7b, the FAP3 fabric did not show 
any pronounced temperature change under a constant voltage due to its 
insulated nature. However, in the conductive PCM textile, the temper-
ature rose rapidly at the initial 60 s, suggesting a fast thermal response 
and high electro-thermal conversion rate. The maximum achieved 
temperature was approximately 55 ◦C, a higher temperature above the 
phase change temperature of DA. When the circuit was disconnected, 
the temperature of the FAP3-PPy textile dropped rapidly down to the 
phase change temperature of DA, i.e., 30 ◦C, demonstrating the fast heat 
dissipation of the fibers [9,64]. After that, a plateau area could be 
detected due to trapped DA’s freezing. The temperature-time curve was 
followed by a gradual decrease in temperature, indicating that the 
FAP3-PPy textile was able to release the heat converted from electrical 
energy slowly [8]. In other words, in the phase change period, the 
electrical energy was stored in DA and subsequently released in the 
cooling process. The flattened part could not be seen on the ascending 
side of the chart, most probably due to the rapid increase in temperature 
after applying voltage. A similar trend was observed when the FAP3-PPy 
was exposed to light. As plotted in Fig. 7c, the temperature increased 
rapidly to 55 ◦C upon radiation. And it dropped when the light was 
turned off. Thus, one can conclude the high photo capture and fast heat 
dissipation among the fibers, thanks to the excellent photothermal 
conversion property of PPy [65]. The rate of temperature increase in the 
insulated textile, i.e., FAP3, was significantly lower than the conductive 
one. Furthermore, the maximum achieved temperature was lower, e.g., 
35 ◦C. This result confirmed that the deposition of PPy coating on the 
textile considerably enhanced the light absorption and photo-thermal 
conversion performance of the substrate [53]. It is worth mentioning 
that the plateau area could be detected in both energy storage and en-
ergy release regions in the temperature-time curve, which was attrib-
uted to the DA’s melting and freezing, respectively. 

4. Conclusions 

An electrospinning solution was developed in the current study to 
stabilize a relatively high amount of PCM decanoic acid in bio-based 
polyamide 11. Thus, up to 70 wt% of DA was loaded into the PA11 fi-
bers without any obvious phase separation. The fabricated textiles 
provided a porous and highly homogeneous structure with smooth, long, 
continuous, and free-bead fibers. Furthermore, the diameter was uni-
form along their length, without any evidence of fibers flatting. The 
surface wettability improved upon increasing DA content, a positive 
characteristic of having higher electrical conductivity. Thus, a uniform 
and homogenous layer of PPy was polymerized on the surface of the 
developed textiles, resulting in electrical conductivity of up to 29 S/m. 
The tensile testing results confirmed the excellent mechanical perfor-
mance and flexibility of the developed textiles, even after surface 
coating with a rigid layer of PPy. Besides, the conductive textiles 
revealed superb phase change properties with a latent heat of up to 113 
J/g as well as outstanding thermal cycling reliability. It was also proved 
that the uniform PPy coating resulted in excellent electro-thermal and 
photo-thermal energy conversion and storage performance, making the 
developed flexible conductive PCM textiles exciting candidates in 
wearable and protective systems. 
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crystallization kinetics of erythritol-polyelectrolyte enables long-term thermal 
energy storage, Sol. Energy Mater. Sol. Cells 230 (2021), 111273. 

[7] E. Zdraveva, J. Fang, B. Mijovic, T. Lin, Electrospun poly (vinyl alcohol)/phase 
change material fibers: morphology, heat properties, and stability, Ind. Eng. Chem. 
Res. 54 (2015) 8706–8712. 

[8] L. Chen, J. Lv, L. Ding, G. Yang, Z. Mao, B. Wang, X. Feng, S. Zapotoczny, X. Sui, 
A shape-stable phase change composite prepared from cellulose nanofiber/ 
polypyrrole/polyethylene glycol for electric-thermal energy conversion and 
storage, Chem. Eng. J. 400 (2020), 125950. 

[9] Z. Niu, S. Qi, S.S.A. Shuaib, W. Yuan, Flexible, stimuli-responsive and self-cleaning 
phase change fiber for thermal energy storage and smart textiles, Composites, Part 
B 228 (2022), 109431. 

[10] K. Turunen, S. Li, M.R. Yazdani, Ionic mixture of binary sugar alcohols and a 
polymer: composition optimization for long-term thermal energy storage, ACS 
Sustain. Chem. Eng. 10 (2022) 15508–15519. 

[11] R. Ji, Q. Zhang, F. Zhou, F. Xu, X. Wang, C. Huang, Y. Zhu, H. Zhang, L. Sun, Y. Xia, 
Electrospinning fabricated novel poly (ethylene glycol)/graphene oxide composite 
phase-change nano-fibers with good shape stability for thermal regulation, 
J. Energy Storage 40 (2021), 102687. 

[12] H. Baniasadi, M. Madani, J. Seppälä, J.B. Zimmerman, M.R. Yazdani, Form-stable 
phase change electrospun nanofibers mat with thermal regulation and biomedical 
multi-functionalities, J. Energy Storage 68 (2023), 107660. 

[13] Z. Niu, S. Qi, S.S.A. Shuaib, A. Züttel, W. Yuan, Flexible core-sheath 
thermochromic phase change fibers for temperature management and electrical/ 
solar energy harvesting, Compos. Sci. Technol. 226 (2022), 109538. 

[14] Y. Zhang, T. Li, S. Zhang, L. Jiang, J. Xia, J. Xie, K. Chen, L. Bao, J. Lei, J. Wang, 
Room-temperature, energy storage textile with multicore-sheath structure 
obtained via in-situ coaxial electrospinning, Chem. Eng. J. 436 (2022), 135226. 

[15] X. Chai, T. Zhao, J. Yue, J. Yang, S. Zhang, J. Du, A. Zhang, Z. Feng, Flexible and 
degradable polycaprolactone based phase change composites for thermal energy 
management, React. Funct. Polym. 181 (2022), 105451. 

[16] J. Wang, J. Xu, Y. He, Novel smart textile with ultraviolet shielding and thermo- 
regulation fabricated via electrospinning, J. Energy Storage 42 (2021), 103094. 

[17] Y. Lu, X. Xiao, Y. Liu, J. Wang, S. Qi, C. Huan, H. Liu, Y. Zhu, G. Xu, Achieving 
multifunctional smart textile with long afterglow and thermo-regulation via 
coaxial electrospinning, J. Alloys Compd. 812 (2020), 152144. 

[18] Y. Cai, C. Gao, X. Xu, Z. Fu, X. Fei, Y. Zhao, Q. Chen, X. Liu, Q. Wei, G. He, 
Electrospun ultrafine composite fibers consisting of lauric acid and polyamide 6 as 
form-stable phase change materials for storage and retrieval of solar thermal 
energy, Sol. Energy Mater. Sol. Cells 103 (2012) 53–61. 

[19] C. Lin, W. Li, Y. Yan, H. Ke, Z. Liu, L. Deng, Z. Qiu, Ultrafine electrospun fiber 
based on ionic liquid/AlN/copolyamide composite as novel form-stable phase 
change material for thermal energy storage, Sol. Energy Mater. Sol. Cells 223 
(2021), 110953. 

[20] D. Li, Z. Pang, Q. Wang, H. Ke, Y. Cai, Y. Xu, F. Huang, Q. Wei, Fabrication and 
characterization of polyamide6-room temperature ionic liquid (PA6-RTIL) 
composite nanofibers by electrospinning, Fibers Polym. 14 (2013) 1614–1619. 

[21] Y. Cai, X. Zong, J. Zhang, J. Du, Z. Dong, Q. Wei, Y. Zhao, Q. Chen, H. Fong, The 
improvement of thermal stability and conductivity via incorporation of carbon 
nanofibers into electrospun ultrafine composite fibers of lauric acid/polyamide 6 
phase change materials for thermal energy storage, Int. J. Green Energy 11 (2014) 
861–875. 

[22] H. Chen, Q. Ma, S. Wang, H. Liu, K. Wang, Morphology, compatibility, physical and 
thermo-regulated properties of the electrospinning polyamide 6 and polyethylene 
glycol blended nanofibers, J. Ind. Text. 45 (2016) 1490–1503. 

[23] R. Semnani Rahbar, H. Maleki, B. Kalantari, Fabrication of electrospun nanofibre 
yarn based on nylon 6/microencapsulated phase change materials, J. Exp. Nanosci. 
11 (2016) 1402–1415. 

[24] H. Baniasadi, J. Trifol, S. Lipponen, J. Seppälä, Sustainable composites of surface- 
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