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Abstract
Thermal energy storage is a promising, sustainable solution for challenging energy management issues. We deploy the fab-
rication of the reduced graphene oxide (rGO)–polycarbonate (PC) as shell and polyethylene glycol (PEG) as core to obtain 
hydrophobic phase change electrospun core–shell fiber system for low-temperature thermal management application. The 
encapsulation ratio of PEG is controlled by controlling the core flow rate, and ~ 93% heat energy storage efficacy is apparent 
for 1.5 mlh−1 of core flow rate. Moreover, the prepared fiber possesses maximum latent melting and freezing enthalpy of 
30.1 ± 3.7 and 25.6 ± 4.0 Jg−1, respectively. The transient dynamic temperature vs. time curve of the rGO-loaded phase change 
fiber demonstrates the delay of fiber surface temperature change compared to pristine fiber. We indeed show that the tunable 
heat transfer and thermal energy storage efficacy of phase change fiber is achieved via controlled liquid PEG delivery and the 
addition of rGO in shell architecture. Notably, the effectiveness of unique phase change material (PCM)–based core–shell 
fibers is concluded from advanced scanning thermal microscopy (SThM) and self-thermoregulation tests.
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Abbreviations
LHTES	� Latent heat thermal energy storage
PCM	� Phase change material
PEG	� Polyethylene glycol
PC	� Polycarbonate
rGO	� Reduced graphene oxide
SThM	� Scanning thermal microscopy
DSC	� Differential scanning calorimetry
FTIR	� Fourier transform infrared
XPS	� X-ray photoelectron spectroscopy
IPA	� Isopropyl alcohol

1  Introduction

In a fast-paced, high-tech global situation, the efficient 
cumulation and management of energy are imperative to 
mitigate and restrict the aggressive rate of environmental 
pollution and the supply and demand gap of renewable 
energy utilization [1]. The greenhouse gas emissions, 
depletion of non-renewable sources, and the increased 
demand for renewable energy are critical factors for envi-
ronmental pollution and poor energy management–related 
issues due to the rapid rise in population worldwide [2, 3]. 
Latent heat thermal energy storage (LHTES) technology 
has emerged as an economically viable solution to mitigate 
energy crisis, atmospheric adulteration, and balancing the 
energy supply/demand ratio [4, 5] to create a sustainable 
society. The primary mechanism of LHTES technology is 
associated with a large amount of latent heat utilization 
via storing and releasing thermal energy to the surround-
ings during the phase transition process of phase change 
material (PCM) [6]. The expected market size of advanced 
phase change material will hit ~ 7.601 billion USD by 2030 
with a CAGR of 17.48% during the 2021–2030 time period 
[7]. However, the liquid leakage of PCM during phase 
change, low thermal conductivity, and intrinsic rigidity of 
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PCM are the main drawbacks that restrict its widespread 
applicability in different application areas [8, 9]. Several 
PCM infiltration strategies have been developed to miti-
gate such liquid leakage complications of PCM, such as 
melt mixing [10], the combination of mixing and steam 
explosion [11], vacuum impregnation [12], cross-linking 
of polymer skeleton in the presence of PCM [13], micro-
encapsulation [14], and so forth [15]. As Wu et al. men-
tioned, most of the process is strongly tied up with leakage 
threats at high temperatures from the porous network, con-
strained molecular movement of PCM inside cross-linked 
polymer skeleton, and complicated and extravagant syn-
thesis procedures [16]. Recently, a wide variety of ther-
mally conductive organic, inorganic, or hybrid fillers [8, 
17, 18] has been introduced to improve the thermal con-
ductivity of PCM and fire retardancy [19] in the composite 
structure, thanks to the outstanding in-plane thermal con-
ductivity of graphene and its derivative owing to thermal 
transport through cross-linked sp2 bonded inter- and intra-
layer structure of carbon adatom and high surface area 
[20–22] which is beneficial for the creation of thermally 
conductive PCM composite. For example, Zhang et al. 
reported a ~ 80% increment in the thermal conductivity 
of hydrated salt after adding ~ 0.018 wt.% of rGO in the 
composite structure [23].

Electrospinning has appeared as a popular strategy to 
integrate PCM into the fibrous structure to fabricate ther-
moregulated intelligent textiles [24]. Uni-axial and coaxial 
electrospinning are the scientific community’s two well-
known protocols for creating phase change fibers. How-
ever, the uni-axial electrospinning process possesses poor 
PCM encapsulation [25] and discontinuous/split phases 
between polymer and PCM [26], restricting its widespread 
applicability.

Meanwhile, coaxial electrospinning is the most optimal 
approach to alleviate those issues [27]. Furthermore, the 
high surface-to-volume ratio and flexibility of electrospun 
fibers [28] offer a unique form-stable platform with a high 
quantity accommodation of PCM inside the shell [29]. 
The engineered electrospun fiber with hydrophilic poly-
mer experiences severe swelling in humid environments 
[30]. Therefore, developing engineered core–shell fiber 
with a hydrophobic shell is needed for long-term stabil-
ity, which is one of the essential prerequisites for real-field 
implementation. Properly selecting shell polymer is a pre-
eminent step for designing engineered core–shell fibers for 
a particular thermal management application area. Among 
the broad range of polymer shells employed for coaxial 
electrospinning processes, polycarbonate (PC) is a slowly 
emerging polymer because of its excellent mechanical sta-
bility, chemical resistance attributes, and hydrophobicity 
[31, 32]. Thanks to its rigid polymeric backbone, aro-
matic bisphenol A group [32] and partial double-bonded 

carboxyl groups will be beneficial for fast photon transfer 
[33].

Organic PCM, especially polyethylene glycol (PEG), is a 
potential choice in a diversified field of applications owing 
to its low cost, biocompatibility, and tunable energy storage 
efficiency by adjusting its molecular weight [34, 35]. Low 
molecular weight PEG can change its state at near-zero or 
sub-zero temperatures, signifying its potential utilization in 
thermal management at near-zero or sub-zero temperature 
ranges. Furthermore, the effect of low molecular weight 
PEG in the presence of a PC shell or thermally conductive 
low-dimensional carbon-loaded polymeric shell is scarce in 
the literature.

Based on such consideration, we investigated the effect of 
low molecular weight PEG on PC, rGO:PC-based core–shell 
fibrous architecture towards improved heat transfer and ther-
mal energy storage efficacy at low temperatures. Different 
characterization techniques, like confocal microscopy, X-ray 
photoelectron spectroscopy (XPS), and scanning electron 
microscopy (SEM), explored the inner morphology of 
core–shell architecture. The role of rGO addition and the 
impact of varying core feed rates on the thermal energy 
storage efficiency of the fibrous mat were also explored via 
a thermoregulating experiment. The effect of rGO on the 
thermal conduction behavior of individual PEG:PC fiber 
was investigated by scanning thermal microscopy (SThM). 
Further, we verified the fabricated fiber’s thermal reliability 
and morphological and chemical stability.

2 � Result and discussion

2.1 � Morphological analysis of core–shell fibers

The encapsulation of PCM into fiber via coaxial electrospin-
ning is one of the most popular strategies for fabricating 
integrated functional textiles for thermal energy storage. The 
perfect choice of solvent and electrospinning parameters for 
core and shell fluid also plays a pivotal role in obtaining 
a well-defined core–shell structure [27]. To investigate the 
effect of PEG concentration in core–shell architecture, we 
varied the core (PEG) flow rate from 0.6 to 1.5 mlh−1, keep-
ing the shell flow rate constant at 3.9 mlh−1. The denotation 
of the sample name is followed by the flow rate of PEG, 
such as PEG0.6:PC, PEG1:PC, and PEG1.5:PC. To explore 
the effect of rGO filler, the rGO:PC as a shell (3.9 mlh−1 
flow rate) and PEG as a core (1.0 mlh−1 flow rate) were 
used to create rGO-loaded phase change fiber and denoted as 
PEG1:PC:rGO sample. The detailed electrospinning param-
eters are described in Table S1. Figure 1 a–f demonstrates 
the PEG-loaded PC fiber with a different core flow rate. The 
network-like fibrous architecture was apparent for all the 
samples.
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The surface texture for all PEG-containing fiber mats was 
smooth, without any inter-fiber segregation, and similar to 
the surface feature of pristine PC fiber, indicating no spill-
ing of PEG outside the fiber mat. The average fiber diameter 
of PC, rGO:PC, PEG0.6:PC, PEG1:PC, PEG1.5:PC, and 
PEG1:PC:rGO was evaluated and is presented in Table S2. The 
fiber diameter and shell thickness histogram after freeze-frac-
ture for all the samples is shown in Fig. 1m and n. The wider 
fiber diameter distribution was observed for the PEG1:PC:rGO 
fiber mat compared to the pristine PEG1:PC fiber mat (see 
Fig. 1m). The average fiber diameter of core–shell fiber and 
pristine PC fiber appeared in the 3–5 µm range (see Table S2). 
However, rGO-loaded fiber had a smaller diameter (see 
Fig. 1m and Table S2), than their pristine counterpart, which 
is related to the increased solution conductivity (see Table S3), 
causing extended jet elongation during electrospinning [36].

We chose the flake size of rGO filler within the 4–5 µm 
range because of the dimensional matching between the 
diameters of pristine PC fiber. The dimensional compatibil-
ity will help the homogeneous distribution of rGO flakes 
throughout the fiber structure during electrospinning. How-
ever, finding the proof for the existence of rGO particles 
under SEM is challenging. Some aggregation of rGO par-
ticles was visible in the SEM micrograph (see Fig. S1(a)). 
We opted for light microscopy to visualize the existence of 
agglomerated rGO particles by analyzing the difference in 
color contrast between PEG:PC fibers and rGO particles. 
The transparent surface feature of the fiber appeared from 
the optical micrograph of PEG1:PC mat (see Fig. S1(b)), 
while several black spots were visible in PEG1:PC:rGO fiber 
mat (see Fig. S1(c)), signifying the presence of rGO in the 
composite architecture.

Fig. 1   Top view SEM micrograph of electrospun mats a PC, 
b PEG0.6:PC, c PEG1:PC, d PEG1.5:PC, e rGO:PC, and f 
PEG1:PC:rGO fibers. Cross-section SEM micrograph of g PC; h 

PEG0.6:PC; i PEG1:PC; j PEG1.5:PC; k PC:rGO; l PEG1:PC:rGO 
fibers. Distribution curve of m fiber diameter and n PC shell thick-
ness of fibers with PEG core
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To investigate the core–shell microstructure, we also 
examined the cross-section image of freeze-fractured PC, 
PEG:PC, and PEG:PC:rGO fibers (see Fig. 1(g–l)). The 
cross-sectional architecture of PEG:PC and PEG:PC:rGO 
fibers differed remarkably from PC and PC:rGO fibers. The 
porous internal architecture of PC arises from vapor-induced 
phase separation [37] and the formation of pores caused by 
fast evaporation of low boiling THF solvent [38]. The cross-
sectioned image of all core–shell fibers and pristine counter-
parts signifies the homogeneous formation of internal porous 
(Fig. 1g, k) or hollow architecture (Fig. 1h–j, l). The hollow 
morphological architecture of phase change fiber was appar-
ent from Fig. 1h, j, and l. The fibers appear hollow solely due 
to the processes involved in their preparation and imaging. 
Initially, during the freeze-fracture process, PEG liquid is 
expelled into the surrounding liquid nitrogen, which does 
not freeze as quickly or completely within the fibers. Then, 
during the subsequent Au coating and SEM imaging, any 
remaining PEG liquid evaporates under high vacuum con-
ditions (approximately 10−4 Torr). These factors combined, 
the expulsion into liquid nitrogen and the evaporation under 
vacuum, cause the fibers to exhibit a hollow structure in the 
SEM images. From the shell thickness diameter distribution 
(see Fig. 1n), the core flow rate significantly influenced the 
shell thickness during coaxial electrospinning. The aver-
age shell thickness for PEG0.6:PC, PEG1:PC, PEG1.5:PC, 
and PEG1:PC:rGO fiber was evaluated and is presented in 
Table S4. The shell thickness marginally decreased with the 
increase in core flow rate from 0.6 to 1.5 mlh−1. Accord-
ing to Pham et al., it is caused by hydrodynamics focusing 
on a low core flow rate and partial pushing of the shell by 
increased core-flow rate owing to changes in hydrodynamics 
focusing on a high core flow rate. The alteration in the focus 
of sheath flow is the main driving force for such observation 
[39]. Compared to the PEG1:PC sample, the shell thickness 
of PEG1:PC:rGO fiber was increased. The presence of the 
rGO layer is responsible for the thicker shell, though the 
applied voltage can play a pivotal role in modulating shell 
thickness [40]. The distribution of PEG inside the core–shell 
fiber mats was investigated by the confocal imaging of flu-
orescein-tagged PEG/PC fiber (see Fig. 2a–f). A continu-
ous core segment within the fiber structure was much more 
prominent for PC fiber with high core feed rates of 1.0 and 
1.5 mlh−1 than for PC fiber with a low core feed rate of 0.6 
mlh−1. However, two modes of PCM distribution in the fiber 
structure were observed. The homogeneous evenly filled 
fluorescein-tagged PEG throughout the fiber was observed 
from the magnified fluorescence image (see Fig. 2d–f). In 
Fig. S2, we observed that the concentration of dye-tagged 
core distribution was comparatively high near the edges of 
the PC shell for all the electrospun samples, which is also 
responsible for the hollow architecture formation of phase 
change fiber. According to Dror et al., the three main reasons 

for core attachment at the shell’s edges are (a) fast evapora-
tion of shell solvent, (b) good compatibility between core 
and shell, and (c) non-solvent-induced phase separation [41]. 
To explore the reason behind the efficient accumulation of 
core near the edges of the shell, we performed an adhesion 
and solvent miscibility test (see Fig. S3(a)) in the support-
ing information. The solvent miscibility test (see Fig. S3(b)) 
reveals that PEG is soluble in THF, DMAC, and its mixture. 
However, we observed a transparent gel-like texture when 
we added PEG with PC solution in DMAC:THF without 
any precipitation. Therefore, we omit the possibility of non-
solvent-induced phase separation to form core–shell fiber 
with distinct internal features. Thus, in our case, the fast 
evaporation of the shell, as the flow rate was higher than 
for the core, and good adhesion between PC and PEG is 
responsible for the excellent core’s attachment around the 
shell’s edges or the mixing of core–shell liquid.

2.2 � FTIR analysis

For pristine PC, the FTIR peaks appeared, where 1766, 
1500, 1221, 1187, and 1159 cm−1 correspond to C = O, 
phenol ring, -C–O–C group, and asymmetric and sym-
metric stretching of -C-O group respectively [42] (see 
Fig. 2g). The characteristics of FTIR peaks of all samples 
are shown in Table S5 in the supporting information. 
The C = C stretching vibration of PC arises around 1650 
cm−1 [43]. A peak at 2965 cm−1 is associated with Csp

3 
-H stretching band [44], while the peaks at 1079 and 
1013 cm−1 represent -C–C-C deformation and -O-C-O 
stretching of PC fibers [45]. The appearance of peaks 
at 3445, 2864, and 1453 cm−1 is associated with -O–H 
stretching and -CH2 stretching and bending vibration of 
the PEG unit [46]. The peaks at 1348, 1295, and 1248 
cm−1 represent the characteristics of alkyl -C-H defor-
mation peaks of PEG [47], while the peak at 1094 and 
940 cm−1 corresponds to -C–O–C stretching of the ether 
group in PEG and -CH out-of-plane bending vibrations 
of PEG respectively [48]. Interestingly, the presence of 
characteristics -O–H, -CH2 stretching peaks of PEG in 
all core–shell PC fiber confirms the presence of PEG 
in the hybrid fiber structure. All characteristic peaks of 
both PEG and PC were observed in both PEG:PC and 
PEG:PC:rGO core–shell fibrous mat. No additional peaks 
were observed for both core–shell fiber and rGO-incor-
porated core–shell fiber, indicating that the structural 
integrity of PC was preserved even after adding PEG 
as core material and rGO as a filler. However, any char-
acteristic peaks of (1 wt.%) rGO for the PEG:PC:rGO 
core–shell fibrous mat were not visible because they 
overlapped with characteristic FTIR peaks of PC and 
PEG (see Fig. S4).
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2.3 � XPS analysis

Surface concentrations of chemical bonds obtained from 
fitting XPS data for all samples are listed in Table S6. 
Within the experiment geometry, the information depth 
of analysis was about 5 nm. The C 1 spectrum collected 
for pure PC (see Fig. 3a), sample was fitted with six 
lines. The first line was positioned at 284.5 eV originat-
ing from C = C sp2-type bonds, the second line was found 
at 285.9 eV coming from C–C sp3-type bonds, the third 
line was found at 287.3 eV indicating C-O-type bonds 
with carbon in the aromatic ring, the fourth line cen-
tered at 290.4 eV from the presence of O-(C = O)-O-type 
groups, and lines fifth and sixth were found at 291.6 eV 
and 292.9 eV, respectively, which are due to the shake-
up process. The shake-up excitation originates from the 

sp2 carbon and its aromatic forms and is an additional 
parameter confirming the presence of this type of bond 
[49, 50]. For the core–shell fibers (see Fig. 3a, Fig. S5(a) 
and (b)). The C 1s spectra were fitted with six lines. The 
first line was positioned at 284.5 eV originating from 
C = C sp2-type bonds and/or also C–C sp3-type bonds, 
the second line found at 286.0 eV coming from C-O-type 
bonds in PEG, the third line found at 288.7 eV indicating 
C = O-type bonds, the fourth line centered at 290.4 eV 
from the presence of O-(C = O)-O-type groups (in PC), 
and lines fifth and sixth found at 291.64 eV and 292.2 
eV, respectively, which are due to the shake-up process. 
Spectrum collected in the O 1s region (see Fig. 3b) and 
Fig. S5(c), (d)) can be fitted with three lines: the first one 
centered at 532.2 eV indicating presence of C = O bonds 
in PC and/or C-O bonds in PEG, the second line found at 

Fig. 2   Confocal images 
of fluorescein-tagged a–c 
PEG0.6:PC, PEG1:PC, and 
PEG1.5:PC core–shell fibers 
(scale bar, 200 µm). Magnified 
view of fluorescein-labeled core 
d–f PEG0.6:PC, PEG1:PC, and 
PEG1.5:PC core–shell fiber 
(scale bar, 20 µm). g FTIR of 
PEG-loaded PC and rGO:PC 
fibers
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533.6 eV coming from C-O bonds from PC, and the last 
line centered at ~ 535 eV originating from adsorbed water 
[50, 51]. Si 2p spectra (see Fig. S5(e–i)) were fitted with 
doublet structure (doublet separation p3/2–p1/2 equals 
0.61 eV) with the main 2p3/2 line centered at 102.0 eV, 
which indicates the presence of Si–O-type bonds [51]. 
The XPS results show the interfacial mixing between the 
core and shell during coaxial electrospinning, as PEG 
is partially present in the PC shell within 5-nm depth 
measurement. The interaction between miscible solvents 
(DMAC, THF with PEG) leads to the interfacial blending 
of core and shell components [52].

2.4 � Wettability

The surface-wetting properties of fibers determine their envi-
ronmental stability under humid conditions. The proof of 
core–shell fiber formation is also strongly related to surface 
wettability experiments, especially for hydrophobic/hydro-
philic core–shell combinations. The static contact angle 
of pristine PC (135.2 ± 4.6°) and PEG:PC core–shell fiber 
with different core flow rate ranges from 0.6 to 1.5 mlh−1 
remained similar, ranging from 134.6 ± 3.5° to 129.2 ± 5.0° 
(see Fig. 4a). From the water contact angle results, it can be 
stated that the surface hydrophobicity of pristine PC remains 

Fig. 3   XPS data for electrospun mats. a C 1s spectra and b O 1s spectra of PC, PEG1:PC, and rGO-loaded PEG1:PC fibers
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the same in the presence of PEG with different feeding rates, 
signifying the successful core encapsulation by the PC 
shell. The introduction of rGO slightly decreases the static 
contact angle values for both PC:rGO (127.5 ± 4.7°) and 
PEG:PC:rGO (134.7 ± 5.1°) fibrous mat (see Fig. 4a). There-
fore, encapsulating a hydrophilic core inside a hydrophobic 
shell in this work gives unique advantages for long-term 
utilization. The oxygen-containing groups over the surface 
of the rGO layer are responsible for slightly reduced hydro-
phobicity [53]. The surface hydrophobicity of any material 
possesses a unique advantage over hydrophilic substances, 
such as promising cleaning activity [54] and minimizing the 
chance of bacterial adhesion [55].

2.5 � Density evaluation

We chose three samples (PC, PEG1:PC, PEG1:PC:rGO) for 
density measurement to check the effect of rGO and PEG in 
the PC membrane (see Fig. 4b). The rise in marginal incre-
ment in measured density for the PEG-loaded sample com-
pared to pristine PC indicates the successful loading of PEG 
in PC architecture. Loading rGO into PC/PEG phase change 
fibers leads to a marginal increased density of the fiber mat, 
indicating a uniform distribution of rGO within the fibrous 
structure. The uniform distribution of rGO can facilitate the 
formation of an efficient conductive pathway for better heat 
transfer through the membrane.

2.6 � DSC analysis

The selection of PCM with high energy storage efficiency 
and excellent thermal stability under repetitive thermal 
cycles plays a crucial role in the long-term performance of 
phase change composite fibers [16]. Differential scanning 

calorimetry (DSC) is an essential thermal characterization 
tool to investigate the above-said thermal parameters of 
the phase change fiber. The thermal properties of all the 
samples in this article were evaluated based on the second 
and third heating–cooling cycles. The first DSC cycle dif-
fered from other cycles for all the samples, including PEG, 
which is associated with two reasons. The first reason is 
the incomplete/partial melting/freezing of polymer chains in 
pristine PEG and composite PCM at first cycles and the re-
crystallization of residual PEG chain for the next cycle. The 
explanation mentioned above agrees well with the reported 
article by Li et al., who observed such discrepancy between 
first and other heating–cooling cycles for different organic 
PCMs [56]. The thermal contact resistance between the 
heat source and the sample containing crucible [56] leads 
to incomplete thermal equilibrium at the first cycle, because 
of which the shift in freezing or melting peak position was 
apparent. This type of phenomenon was also reported in the 
literature for PEG [57]. All the fabricated phase change fiber 
mats and pristine PEG possess both exothermic and endo-
thermic peaks in a similar temperature region (see Fig. 5a). 
However, for pure PC and rGO, PC has no crystallization or 
melting peak at the pre-selected temperature range.

Additionally, phase change fiber’s melting and freez-
ing enthalpy increased with increasing core-flow rate 
as shown in Fig. 5b. The latent melting enthalpy value 
for PEG0.6:PC, PEG1:PC, and PEG1.5:PC fiber is 
11.24 ± 1.57, 15.96 ± 1.17, and 30.13 ± 3.75 Jg−1 respec-
tively. PEG1.5:PC:rGO fiber mat possesses latent melting 
and freezing enthalpy of 30.13 ± 3.7 Jg−1 and 25.6 ± 3.96 
Jg−1. Electrospinning is an electrohydrodynamic phenom-
enon, and the latent enthalpy of phase change fiber depends 
on the core-feed rate, but polymer concentration also plays 
a pivotal role [58]. At high polymer concentration, there is 

Fig. 4   a The comparison of the static contact angle between PEG:PC:rGO and PEG:PC core–shell fiber with pristine counterpart. b The meas-
ured density of the PC, PEG1:PC, and PEG1:PC:rGO fiber mats
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no contribution of polymer towards increment in latent heat 
value, and often, the latent enthalpy value of core–shell fiber 
with different core feed rates does not follow the exponential 
increment trend, especially at high polymer concentration 
[59].

The latent heating or cooling enthalpy for all the sam-
ples did not significantly deviate from the second and third 
cycles, indicating the cyclic stability of all the prepared sam-
ples. However, the freezing enthalpy for all the samples was 
lower than its melting enthalpy. The difference in melting 
and freezing enthalpy of PCM and PCM-based composite 
depends on the values of specific heat capacity of the liquid 
and solid states of the composite [60].

Cp,l and Cp,s are the specific heat capacities of the liquid 
and solid for PCM and its composite; T is the temperature.

From Fig. 5c, the melting temperature of phase change 
fiber did not significantly change, while freezing temperature 

(1)ΔHm − ΔHc = ∫
Tm

TC

(Cp,l − Cp,s)dT

was notably changed after the incorporation of rGO or 
change in core flow rate. The slight deviation of freezing 
temperature from second to third cycle was also apparent for 
all core–shell fiber mats. Interestingly, the freezing tempera-
ture of all phase change fiber mats was higher than pristine 
PEG. The disrupted movement of PEG in the fibrous mat is 
one of the main reasons for increasing the thermal parameter 
(freezing temperature) during the heating and cooling cycle 
[61]. A high amount of PEG offers an efficient nucleation 
pathway throughout the fibrous mat during crystallization.

The surface-induced adsorption of PEG by PC or rGO/
PC, as observed from confocal microscopy, and changes in 
crystallinity of PEG as observed from different Tf values 
from DSC can be the cause of change in the thermal param-
eters of the composite compared to pristine PCM [62–64]. 
The introduction of PEG into the PC shell with a low core 
flow rate increased the supercooling degree (see Fig. 5c). 
The non-availability of crystallization sites due to a seg-
mented portion of PEG throughout the fiber structure, as 
evident from confocal microscopy (see Fig. 2), is responsible 
for such a result. However, a further increase in the high 

Fig. 5   a DSC diagram of phase change fiber along with pristine 
counterpart during heating–cooling cycle, comparative bar diagram 
based on b evaluated melting and freezing enthalpy of the fiber and 
pristine PEG for second and third cycle, c evaluated melting and 

freezing temperature of the fiber and pristine PEG for second and 
third cycle, and d Een (%), Ees (%), and Ces (%) of all fabricated PCM 
fibers calculated from Eqs. (1) to (3)
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PEG flow rate decreased the supercooling degree, as the 
high amount of PEG prevents the crystallization problem. 
A similar trend was observed for rGO-loaded phase change 
fiber than pristine fiber.

The encapsulation ratio (Een %), encapsulation efficiency 
(Ees %), and heat energy storage efficiency (Ces %) were 
measured by the following equations [65]:

PEG encapsulation ratio and efficiency increased with an 
increased PEG flow rate during production. As a result,, the 
heat energy storage efficiency of the fiber increased from 
79.57 to 93.2%. The above-observed result signifies that 
almost 93% of PEG can undergo phase change in contact 
with heat. The observed heat energy storage efficiency of 
our prepared material is comparable with PEG/silica-based 
composite (98% heat storage efficiency) [65]. Figure 5d 
shows that controlling the PEG flow rate enhances the PCM 
encapsulation ratio, encapsulation efficiency, and fiber’s heat 
energy storage efficiency. Incorporating rGO also marginally 
raises latent enthalpy, PEG encapsulation ratio, and energy 
storage efficacy of the phase change fiber compared to pris-
tine phase change fiber. The presence of rGO, a thermally 
conductive filler, induces better nucleation of PEG owing 
to its high surface-to-volume ratio. A similar observation 
is reported in the literature for rGO-loaded composite [66].

2.7 � SThM analysis

The thermal conductivity measurement of thin film or 
fibrous mats is challenging by conventional methods, such 
as laser flash or hot disc, because of several limitations. Lack 
of accuracy and uncertainties in lab-scale thermal conduc-
tivity measurement for composite materials are another 
drawback, as highlighted by Palacios et al. [67]. Moreover, 
the problem of faster heat dissipation and thermal contact 
resistance at the junction between the temperature sensor 
and material is also addressed by Wang et al. [68]. The con-
cern for the accurate measurement of thermal conductivity, 
especially for porous 3D architecture, is already mentioned 
by Codorníu et al. [69]. Fast attaining of a thermal equilib-
rium state, intense laser penetration depth compared to the 
film’s thickness, and close contact between the sample and 

(2)Een(%) =
ΔHm,PEGfiber

ΔHm,PEG

× 100%

(3)Ees(%) =
ΔHm,PEGFiber+ΔHc,PEGfiber

ΔHm,PEG + ΔHc,PEG

× 100%

(4)

Ces(%) =
(ΔHm,PEGFiber+ΔHc,PEGfiber) × ΔHm,PEG

(ΔHm,PEG + ΔHc,PEG) × ΔHm,PEGFiber

× 100%

the sample holder are additional drawbacks for the thermal 
conductivity measurement of the thin film [70, 71]. The car-
bon spraying on the sample also imparts a significant error in 
the thermal conductivity measurement, as mentioned in the 
recent report [72]. An effort has been made to measure the 
thermal conductivity coefficient of the phase change fiber 
using FOX heat flow meter. The marginal change in λ value 
for the rGO-loaded sample (see Table S7) was due to the 
membrane’s high porosity, resulting in dominant convec-
tive heat transport through the membrane during the meas-
urement instead of conduction. The heat scattering at the 
void space (with trapped air) of the membrane is another 
reason for the low thermal conductivity of the composite 
fiber. The measurement was carried out by stacking several 
layers of the fiber mat; thus, the air gap between layers also 
contributes towards heat scattering between the junctions 
of the layers. The researchers previously reported a mar-
ginal change in the thermal conductivity value of a hybrid 
fiber mat compared to the pristine one [73]. The observed 
experimental result is in good agreement with the above-
discussed explanation. Therefore, an indirect strategy was 
adopted here to measure the prominent effect of rGO on heat 
transfer attributes of the fibrous mat by SThM, as mentioned 
in the recent literature report [74]. The excellent resolution 
(< 50 nm) and high thermal sensitivity (< 0.01 °C) [74, 
75] are the main benefit of such an experiment. Typically, 
the cantilever tip was heated by an AFM laser, and the tip 
was moved over the sample surface using raster scanning 
mode. The change in temperature of the cantilever tip dur-
ing the scanning of the sample surface was monitored by 
the attached thermocouple. The enhanced heat dissipation 
during tip-sample interaction signifies the better thermal 
conductivity of the sample, which causes rapid decrement of 
temperature at the tip. To investigate the effect of rGO filler 
on the thermal conduction behavior of phase change fibers, 
we performed thermal imaging on individual PEG1:PC and 
PEG1:PC:rGO fiber. Figure 6a demonstrates the schematic 
picture of the AFM tool for acquiring the SThM images of 
core–shell fiber along with SThM and topographic micro-
graph images (see Fig. 6b–g) of individual fibers from 
PEG1:PC and PEG1:PC:rGO. The lower surface tempera-
ture of the material signifies rapid heat conduction attrib-
utes of the material during AFM tip-sample interaction. The 
SThM images show higher thermal transfer for fibers loaded 
with rGO than PEG:PC fiber. A significant temperature drop 
is observed in Fig. 6g for agglomerated rGO flakes at the 
corner of core–shell fiber, signifying its excellent thermal 
conduction attributes. Figure 6h represents the bar diagram 
of the average surface temperature of the fiber along with 
the background temperature. From Fig. 6h, we observed that 
the background temperature for both samples is stable and 
similar (42.22 ± 0.16 °C and 42.54 ± 0.08 °C), indicating a 
homogeneous temperature distribution profile. On average, 
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the PEG1:PC fibers had a temperature of 50.13 ± 0.10 °C 
compared to 48.52 ± 0.16 °C for PEG1:PC:rGO fiber. An 
average surface temperature decrement of ~ 2 °C suggests 
that the rGO-loaded phase change fiber exhibited improved 
thermal conductivity compared to the pristine phase change 
fiber. The statistical significance test also agreed with the 
experimental result. The homogeneous distribution of rGO 
in the fiber matrix and low interfacial thermal resistance 
between PC and rGO owing to Π-Π stacking association 
is likely the reason for better thermal conductivity of rGO-
loaded phase change fiber [76].

2.8 � The self‑thermoregulation performance 
analysis of fibrous mat

Choosing relevant phase change temperature with high 
phase change enthalpy impacts the performance of electro-
spun PCM fibrous mats for a particular thermal manage-
ment application. The self-thermoregulation performance 
of the fabricated mat was investigated by monitoring the 

temperature evolution using an infrared camera. A thermal 
camera was employed to record the temperature changes 
of the fibrous membrane after exposing the frozen fiber 
membrane on the Styrofoam plate to room temperature 
from the freezer (− 24 °C). From the thermal camera result 
shown in Fig. 7a, we plot the temperature vs. time curve (see 
Fig. 7b). The digital photograph of a Styrofoam plate with 
fiber samples is shown in Fig. 7b, inset. A rapid increase in 
temperature was observed for all the fiber mats during the 
first 150 s, and later, it slowed down. The rapid increase in 
temperature occurred due to sudden changes in the tempera-
ture between the inside and outside of the freezer. From the 
curve in Fig. 7c, we noticed the delay of increment in surface 
temperature of PCM fibers, which was high compared to PC 
fiber up to 600 s. The faster warm-up of fiber was followed 
for rGO-loaded phase change fiber in correlation to pristine 
core–shell fiber. Almost 2 °C decrement in temperature rise 
was observed for PEG1.5:PC fiber compared to pure PC 
fiber mat. The delay in incrementing surface temperature of 
all fiber mats kept in the freezer for 2 days was calculated 

Fig. 6   a The schematic picture of the AFM tool for acquiring the 
SThM images of core–shell fiber along with b topographic and c 
SThM image of PEG1:PC:rGO single fiber. d Topographic and e 
SThM image of PEG1:PC single fiber. f, g Topographic and SThM 
image of PEG1:PC:rGO fiber indicates the attachment of rGO flakes 

on the surface of the core–shell fiber. h The comparative study on 
the increment of temperature with and without rGO-loaded PCM 
fiber under laser irradiation taking background as a control. *Statisti-
cal significance calculated with a two-sample T-test, significant level 
0.05; error bars are based on standard deviation
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and is represented in Fig. 7c, inset. A high PEG loading 
results in more delayed increments in the fiber’s surface 
temperature. For example, pristine PC took 112 s to reach 
15 °C, but PEG1.5:PC took 148 s when the fiber mat was 
kept in the freezer for 48 h. rGO-incorporated PEG1:PC 
fiber took 130 s to reach 15 °C, while PEG1:PC fiber took 
about ~ 140–142 s, respectively. This measurement signifies 
that rGO in core–shell fiber heightens the fiber surface tem-
perature owing to its high thermal conductivity. The experi-
mental result obtained from SThM and thermal conductivity 
coefficient analysis also agrees with the above statement.

However, the time delay in reaching a particular tempera-
ture is higher for rGO:PC fibers than PC fibers. As observed 
from the cross-section image (see Fig. 1), the porous and 
compact architecture of PC:rGO fibers causes phonon 

scattering with a poor connection between rGO flakes, 
resulting in weak heat transport. The porous architecture-
induced heat carrier scattering phenomenon agrees well with 
the above-said explanation [77]. We did not notice a broader 
plateau effect of PCM from the temperature vs. time curve. 
According to Li et al., temperature lag between the envi-
ronment and fibrous mat possesses a vital role in the heat 
absorption efficacy of the PCM fabric, which is responsible 
for such an effect [78]. After exposing the fiber from – 24 
°C to room temperature, there was a ~ 47 °C temperature 
difference between the fibrous mat and the environment. 
Therefore, PCM’s high heat absorption power yields com-
plete phase transformation quickly without showing any 
broader plateau, as in previous reports [79]. Moreover, we 
performed another control experiment to investigate whether 

Fig. 7   a Thermal camera images of all fabricated PCM fibers dur-
ing the thawing experiment at room temperature at a different time 
interval. b Temperature vs. time curve of all fabricated PCM fibers 
during the freezing–thawing experiment (inset: images of arranged 
fiber mat samples on a Styrofoam plate, used in the investigation). 

c The magnified temperature vs. time curve of PC, PEG1:PC, and 
PEG1:PC:rGO fiber showing the difference in increment of temper-
ature with time (inset: a comparative bar diagram that demonstrates 
the time taken for each fiber mat to attain 15 °C during the freezing–
thawing experiment)



	 Advanced Composites and Hybrid Materials (2024) 7:123123  Page 12 of 19

a similar cooling effect happened at the different portions 
of the Styrofoam (see Fig. S6(a–e)) in the supporting infor-
mation. From thermal camera images (see Fig. S6 (a–c)), 
all fibers placed at the different positions on the Styrofoam 
are heated gradually. The temperature vs. time curve (see 
Fig. S6(d)) demonstrated a similar parabolic curve trend 
with minimal change in temperature rise for all the PC fib-
ers at different positions. The obtained result signifies the 
homogeneous temperature distribution at the various places 
of the Styrofoam (see Fig. S6(d)) in the supporting infor-
mation. This observed result cancels out the possibility of 
different surface temperatures of Styrofoam (at different 
positions induced thermal measurement error. The surface 
temperature evaluation technique from the thermal image is 
shown in Fig. S6(e).

The role of rGO inside the fibrous mat is to offer a fast 
heat transfer process to achieve the heating or cooling phe-
nomenon faster. The thermal conductivity of the PC is not 
adequate for transferring heat from the surroundings to the 
core. Therefore, it is imperative to add thermally conductive 
filler in the shell.

The low thickness of the mat (the thickness of the mat 
varies ~ 150 to 340 µm), as shown in Fig. 8a, is responsible 
for marginal surface temperature (about 2 °C delay) change 
compared to pristine PC fiber. The average range of 17–30 
fibers is present across this thickness zone in the mat, as 
shown in Fig. 8a, inset. The insufficient number of phase 
change fibers along this thickness zone and the low thickness 
of the mat are responsible for such results. Furthermore, an 
effort had been made to compare our obtained result with the 
literature report based on the thermal properties of the PCM 
composite associated with phase transition at near-zero or 
sub-zero temperature zone (see Fig. 8b). The result shows 

that our fabricated fiber’s latent enthalpy value is compara-
ble to or even better than PAN/IPP, multicomponent phase 
change fiber, and PEG-based film. Our result is also better 
than that of PEG-based film and PAN/PEG-based fiber in 
supercooling degrees [79, 82]. However, the mat’s thick-
ness in the PAN/PEG-based system (1 mm) is higher than 
ours (see Fig. 8a), and the duration of electrospinning and 
thickness of the fiber mat are not available for most of the 
literature reports. Indeed, the increment of electrospinning 
time or a layered-based compressed system can significantly 
improve the heat storage efficacy of the fiber mat. Table S8 
demonstrates that our results from the thermoregulation 
experiment are similar or even higher than those previously 
reported literature. However, the common drawback of the 
reported literature is the non-availability of sufficient data 
like thickness mat or deposition time of mat produced via 
electrospinning, which makes it very difficult to compare 
and validate for real-life applications. The intended appli-
cation area of such newly fabricated textile material lies in 
cold energy storage application, specifically, thermal man-
agement while transporting medicinal products and foods. 
A lot of medicinal products need to be preserved under the 
2–8 °C temperature range [83]. The optimum preservation 
temperature for fresh vegetables and fruits ranges from 5 to 
15 °C [84]. On the other hand, the freezing zone of our phase 
change fiber mat can be utilized for the comfort of trekkers, 
especially at night in mountain areas or frigid regions.

To investigate whether there is any effect of porosity 
towards self-thermoregulation behavior of phase change 
fiber mat, the porosity of the fiber membrane was evalu-
ated from the alcohol uptake method. The equation for the 
theoretical calculation of the membrane porosity (P) is given 
below [85]:

Fig. 8   a Thickness of PEG1:PC:rGO fiber mat (inset: the calculation 
of total fiber number from the top view). b The comparison of our 
developed phase change fiber with the literature report [79–82] asso-

ciated with PEG-based film/phase change fiber fabricated to investi-
gate thermal energy storage efficacy at near-zero temperature
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where Mm is the weight of membranes, MIPA is the weight 
of the absorbed IPA by membranes, ρP is the overall den-
sity of used raw materials, and ρIPA is the density of IPA 
(0.786 gcm−3). The measured density of PC, PEG1:PC, 
and rGO-loaded PEG1:PC samples is 1.2468 ± 0.0057, 
1.2972 ± 0.0038, and 1.3206 ± 0.0043 gcm−3 respec-
tively (see Fig. 4b). Therefore, the calculated porosity for 
PC, PEG1:PC, and rGO-loaded PEG1:PC samples was 
86.19 ± 1.24%, 76.24 ± 1.47%, and 81.11 ± 1.34%, respec-
tively. In general, the increase in porosity of the material 
causes a decrease in thermal conductivity and improves 
thermal insulation attributes [86, 87]. However, as expected 
from the evaluation, the reverse trend signifies that porosity 
does not significantly affect the fiber mat’s thermoregulation 
efficacy. In conjugation, the difference in porosity of all the 
membranes did not vary significantly in the measured range 
(difference not greater than 15%).

2.8.1 � Chemical and morphological stability and thermal 
reliability of the phase change fibrous mat

To compare the leaking attributes between PEG and the 
fiber mat prepared with different PEG core flow rates, the 
pre-cut fiber mat and liquid PEG were placed in the freezer 
at − 24 °C for 2h. After 2 h, the sample was removed from 
the freezer and kept at room temperature to examine the 
change in the state of the sample. From Fig. S7(a), (b), it 
was observed that PEG at room temperature was in the liq-
uid state, and it became solid after 2 h at – 24 °C, signify-
ing the phase transition phenomenon of PEG. Interestingly, 
the fiber mat remained intact before and after the cooling 
experiment. No leakage was observed after keeping all the 
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MIPA

�IPA
(

MIPA

�IPA
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prepared fiber mats at – 24 °C for 24 h (see Fig. S7(c–e)). To 
investigate the chemical and morphological stability of the 
PEG1:PC:rGO fibrous mat, the mat was kept in a freezer for 
2 days at – 24 °C and exposed at room temperature. After 10 
cycles, the morphology and chemical fingerprint of the sam-
ple mat were studied via SEM and FTIR spectroscopy (see 
Fig. 9a, b). The SEM micrographs demonstrate the smooth 
fibrous network without any structural changes. The FTIR 
spectra of thermally cycled and as-prepared fibrous mats are 
similar. The characteristics of both PC and PEG FTIR peaks 
were present in thermally cycled fibrous mats without any 
shift in peak position compared to the as-prepared fibrous 
mat. Therefore, the collected result signifies the excellent 
chemical and morphological steadiness of the as-prepared 
fibrous mat. The thermal reliability of rGO-loaded phase 
change fiber was assessed via repeated heating and cool-
ing scans performed over continuous 15 cycles using DSC. 
The results are shown in Fig. 9c. The indistinguishable and 
overlapped exothermic and endothermic DSC peaks from 
the second to 15th confirm the repeatability of fabricated 
fibers. Fig. S8 indicates an almost negligible change (~ 2.79 
Jg−1) in the melting enthalpy of the composite from second 
to 15th cycles. Only a ~ 5.36% change in the PEG encapsula-
tion ratio was observed between the second and 15th cycles 
of the DSC scan. The above-said observation signifies the 
good cyclic stability of the fiber mat.

3 � Conclusion

In summary, we explore the effect of low molecular weight 
PEG in PC and rGO/PC shell-based electrospun core–shell 
structure towards thermal energy storage and heat trans-
fer efficacy. Confocal microscopy confirmed two distinct 
natures of PEG distribution inside the PC shell. The misci-
bility between core and shell liquid leads to the partial mix-
ing between core–shell architecture, as evident from XPS 

Fig. 9   a SEM micrograph of PEG1:PC:rGO fiber after 10-cycle freezing–thawing experiment. b FTIR spectra of PEG1:PC:rGO fiber before and 
after 10-cycle freezing–thawing experiment. c DSC scan of PEG1:PC:rGO fiber up to 15 cycles
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analysis. The influence of different core feed rates on the 
fibrous mat causes a significant difference in fiber diam-
eter and thermal parameters of the prepared mat, as evident 
from SEM and DSC analysis. The prepared phase change 
fiber has a maximum latent melting and freezing enthalpy 
of 30.1 ± 3.7 and 25.6 ± 4.0 Jg−1 with a 1.5 mlh−1 core flow 
rate, while the rGO-loaded fiber mat maintains 17.7 ± 3.5 
Jg−1 and 13.9 ± 3.7 Jg−1 of latent melting and freezing 
enthalpy with 89–90% thermal energy storage efficiency, as 
evaluated from the DSC result. Notably, the self-thermoreg-
ulating experiment shows that the fibrous mat can undergo a 
thermal buffering effect. The delay in the increase in the sur-
face temperature is highest for the mat, which was prepared 
via a high core feed rate. Additionally, the presence of rGO 
results in an immediate rise in the surface temperature of 
the fibrous mat due to quick heat transport through the mat. 
Improved heat transfer rate by rGO, as evident from SThM 
measurement for individual rGO-loaded fiber, is responsible 
for such observation.

Furthermore, the fibrous mat demonstrates excellent non-
leaking attributes, chemical and morphological stability, and 
efficient thermal repeatability. Therefore, the possible appli-
cation area is the thermal management of PCM fibrous mat 
incorporated textile in a cold place and selective vaccine/
medicine/food storage at near-zero temperatures (2–7 °C).

4 � Experimental section

4.1 � Materials

Polycarbonate (PC) granulate was bought from Good-fellow 
GmbH, Germany (Makrolon 3108). Reduced graphene oxide 
(rGO) with a surface area 1562 m2 g−1 (size ranges from 
4 to 5 µm) was purchased from Nanografi Nano Technol-
ogy, Germany. Polyethylene glycol (PEG) with Mw = 400 
Da was obtained from Sigma Aldrich, UK. The solvents, 
i.e., dimethylacetamide (DMAc) and tetrahydrofuran (THF), 
were procured from Sigma Aldrich, UK. The solvents and 
other substances were used without prior treatment or 
distillation.

4.2 � Electrospinning procedure of PEG/PC 
microfibers

To obtain the PEG:PC core–shell structure, 24 wt.% PC was 
dissolved in DMAC/THF mixture at a 1:1 weight ratio under 
400–500 rpm rotation speed at 21 ± 2 °C. The core–shell 
electrospinning fibers were obtained via coaxial electrospin-
ning (SKE Technologies, Italy) with the climate control set 
to T = 22 ± 1°C and RH = 47 ± 3%. To produce PC, PEG-
encapsulated PC, and rGO-loaded PEG/PC core–shell fiber, 
a stainless-steel coaxial nozzle with an inner core nozzle 

diameter of 0.45 mm and a shell nozzle diameter of 1.4 mm 
was used. The samples were collected onto a stainless-steel 
drum collector. During the rGO:PC:PEG core–shell fibrous 
mat preparation, a pre-weighted amount of rGO (1 wt.% 
of PC amount) was first dispersed in DMAC:THF for 1 h 
by ultrasonication (Ultrasonic Cleaner 2.0L EMMIE20, 
EMAG, Poland). Then, PC granules were added to the mix-
ture, followed by repeated ultrasonication for 2 h. Finally, 
the dispersed mixture was heated at 65 °C until the whole 
PC powder was dissolved in the solution. The optimized 
electrospinning parameter is described in Table S1. The 
electrospinning was continued for 0.4–0.5 h during the pro-
duction of the above-said fibrous mats.

4.3 � Confocal light scanning microscopy (CLSM)

For the CLSM microscopy (Zeiss LSM 900, Germany) inves-
tigation, 0.125 g of Fluorescein (Chemland, Poland) was dis-
solved in 10-ml PEG 400 liquid via the combination of stirring 
at 35–40 °C and ultrasonication for 30-min (EMAG Ultra-
sonic Cleaner 2.0L EMMIE20, Poland) process. To visualize 
the internal structure of core–shell fibers, a Plan-Apochromat 
63 × /1.40 Oil DIC objective was used with excitation by 488 
nm for fluorescein, and the detection band was 490–700 nm.

4.4 � Surface morphology analysis

The fibrous mat’s surface morphology and cross-section 
investigation were performed using scanning electron 
microscopy (SEM, Merlin Gemini II, ZEISS, Germany) at 
3 kV accelerating voltage, 110 pA current, and a 4–9 mm 
working distance. For the cross-section study, a small por-
tion of the sample was cut and formed into a bundle, then 
attached to the carbon tape. The sample coated with carbon 
tape was immersed in liquid nitrogen for 5 min and cut with 
the scalpel. Before the SEM analysis, samples were coated 
with an 8-nm-thick Au layer using a sputter coater (Quo-
rum Q150RS, Quorum Technologies Ltd., UK). The fib-
ers’ diameter and fiber mat thickness were measured from 
SEM micrographs using ImageJ software (version 1.51, Fiji, 
USA). The average Df values were evaluated from randomly 
selected 100 fibers. The average shell thickness of each 
freeze-fractured mat was evaluated from SEM micrographs 
using ImageJ software (version 1.51, Fiji, USA) by choos-
ing randomly selected 50–60 freeze-fractured fibers. The 
surface feature of PEG1:PC and PEG1:PC:rGO fiber mat 
was investigated using a light microscope (Zeiss Primo Star 
51) with plan achromat of × 40 objective.

4.5 � Density

Gas pycnometer (AccuPyc1330He, Micromeritics, Nor-
cross, GA, USA) was used to measure the density of the 
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electrospun fiber mats. Before the measurement, the pre-
weighted amount of fiber sample was placed in a 1-cm3 cyl-
inder cell, and the average density was calculated from 10 
measurements.

4.6 � Wettability

The static contact angle of randomly oriented PC and 
core–shell PC fibers was measured by analyzing the deion-
ized (DI) droplet (3 µl) on the fiber surface. A DSLR camera 
(EOS 700D, lens EF-S 60 mm f/2.8 Macro USM, Canon, 
Japan) was used to take the images of water droplets after 5 s 
from the deposition of droplets on the samples. The wetting 
experiments were performed at T = 22 °C and RH = 40%. 
The contact angle was measured using a drop shape analysis 
plug-in in ImageJ (version 1.51, Fiji, USA). About 15–20 
droplets were chosen to analyze each fiber mat’s standard 
deviation and average contact angle.

4.7 � FTIR measurement

The FTIR spectra of PEG were recorded on a Nicolet 
iS5 FT-IR spectrophotometer (Thermo Fisher Scientific, 
Waltham, MA, USA) by the ATR technique using diamond 
crystal. In contrast, the prepared fibers were recorded on the 
exact spectrophotometer in transmittance mode. According 
to Beer-Lambert law, the obtained transmittance vs. wave 
number data for the fibers was converted to absorbance 
vs. wave number data and plotted with the pristine PEG’s 
absorbance vs. wave number data. The covered wave-
number range ranged from 500 to 4000 cm−1 during the 
measurement.

4.8 � XPS measurement

The XPS analyses were carried out in a PHI Versa Probe 
II Scanning XPS system using monochromatic Al Kα 
(1486.6 eV) X-rays focused to a 100-µm spot and scanned 
over the area of 400 µm × 400 µm. The photoelectron 
take-off angle was 45°, and the pass energy in the ana-
lyzer was set to 46.95 eV (0.1 eV step) to obtain high 
energy resolution spectra for the C 1s, O 1s, and Si 2p 
regions (see Fig. 3 and Fig. S5(a–i)). A dual-beam charge 
compensation with 7 eV Ar+ ions and 1 eV electrons was 
used to maintain a constant sample surface potential 
regardless of the sample conductivity. All XPS spectra 
were charged in reference to the unfunctionalized, satu-
rated carbon (C–C) C 1s peak at 285.0 eV. The operating 
pressure in the analytical chamber was less than 4 × 10−9 
mbar. Deconvolution of spectra was carried out using PHI 
MultiPak software (v.9.9.3). Spectrum background was 
subtracted using the Shirley method.

4.9 � Polymer solution conductivity measurement

The solution conductivity of PC, PC:rGO in THF:DMAc 
mixture, and liquid PEG was estimated using a Mettler 
Toledo Conductometer (Seven Compact S210, Zurich, Swit-
zerland) connected with a conductivity probe (InLab 720). 
The measurements for each solution were performed three 
times. The ambient condition of the laboratory was T = 23 
°C and RH = 37%.

4.9.1 � Thermal analysis of electrospun mats

For differential scanning calorimetry (DSC) measurement, 
the cut pieces of each fiber mat were sealed into Mettler 
Toledo Al crucible before the measurements and cyclic heat-
ing–cooling from – 25 to 45 °C at a rate of 1 Kmin–1 was 
performed. Then, the samples were measured using DSC 
(Mettler Toledo, Columbus, OH, USA), operating under a 
50 mlmin−1 nitrogen purge. The DSC scan was continued for 
15 heating–cooling cycles to investigate the thermal dura-
bility test with temperature sweeping from − 30 to 45 °C at 
1 Kmin−1. The thermal conduction behavior of PEG1:PC 
and PEG1:PC:rGO fibers was investigated with an atomic 
force microscope (AFM, CoreAFM, Nanosurf, Switzer-
land) equipped with scanning thermal microscopy (SThM, 
VertiSense™, AppNano, USA) module. The approach was 
adopted from a previous report [74]. VTP-375 thermal probe 
containing a Si cantilever with a hollow silicon dioxide tip 
(k = 0.9 Nm−1) integrated with a 50-nm thermocouple at the 
apex of the tip was used for measurements. The AFM laser 
was used to heat the cantilever tip to a stable temperature 
of ~ 60 °C. The three different fibers for each sample were 
chosen randomly for measurements. The topography was 
obtained simultaneously with thermal data on 30 × 30 μm 
scan area. The scan speed was set to 3 s per line to ensure 
stable heat transfer between the tip and the scanned sur-
face. The average temperature of fibers for each sample was 
calculated, taking only the values from the apex of the fib-
ers to avoid false readings caused by the circular shape of 
the fibers. All measurements were performed in one ses-
sion with the same SThM probe to ensure a similar heat 
transport rate from the probe and similar room conditions. 
The ambient conditions of the room during the experiments 
were RH = 32–33% and T = 23 °C. The obtained data were 
processed using Gwyddion (v2.56, Gwyddion.net) and Orig-
inPro 8 (OriginLab Corporation, USA) software. The sta-
tistical significance test of the experimental result was car-
ried out using OriginPro 8 (OriginLab Corporation, USA) 
software via two sample T-test methods with a significance 
level 0.5.

The self-thermoregulating characteristics of all pre-
pared fiber mats were analyzed using a thermal camera 
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(FLIR T560, USA). For this experiment, all the fiber mats 
were cut into a defined dimension (4 × 4 cm) using the 
laser cutter and attached to the top of the Styrofoam plate. 
The plate was kept inside the freezer (Amica, model num-
ber: FK3336.3DFCXAA, Poland) at − 24 ± 2°C for 2 days, 
respectively, to ensure the thermal equilibrium between 
the fiber mats and the environment of the freezer, complete 
freezing of PCM inside the fiber mats [88]. After 2 days, 
the plate was exposed to room temperature, and the change 
in temperature of the fiber surface was measured. For the 
control experiment, three pieces of PC fiber mat were cut 
in 6 × 7 cm dimensions, attached to the Styrofoam’s top 
surface at right, left, and middle positions, and exposed 
inside the freezer at − 24 ± 2°C for 2 days. After 2 days, the 
above-said similar protocol was followed to measure the 
temperature distribution of the fiber mat at a definite time 
interval. The average temperature of each fiber surface is 
measured from the middle area of each fiber mat using 
FLIR software.

The thermal conductivity coefficient of the fiber mat was 
measured using FOX 50 heat flow meter (Laser comp, USA). 
Before the measurement, the fiber mat was cut into a round 
shape with a diameter of 60 mm. The gap between the two 
plates was set as 5 mm. Several layers of fiber mat were 
placed between the plates to fill the gap of the plates. The 
measuring surface’s diameter at the plate’s center was 25 
mm. Pyrex glass standard was used for calibration. The tem-
perature gradient between the hot and cold plates was set at 
5 °C. The upper plate was hotter to avoid natural convection.
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