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Effective thermal management in advancing electronics is hindered by
phase change material (PCM) leakage. This study introduces coaxial wet
spinning to encapsulate polyethylene glycol (PEG) within a graphene
oxide/silk fibroin (GO/SF) core sheathed by thermoplastic polyurethane
(TPU), forming a robust core—shell structure. The resulting GO/SF@TPU
aerogel fibers exhibit exceptional tensile strength (17.21 MPa) and
toughness (136.8 MJ m~3) while retaining shape stability under varying
humidity. Subsequent PEG impregnation yields GO/SF@TPU-PEG
composite phase change fibers (PCFs) with high latent heat (86.66 J g3
and low thermal conductivity (0.0863 W m™ K3, enabling efficient
thermal storage and insulation. These PCFs maintain a 26.4 °C temper-
ature gradient at 100 °C, demonstrating superior thermal regulation.
Combining mechanical durability, humidity resistance, and thermal
efficiency, the fibers are ideal for smart textiles and wearable devices
requiring lightweight, sustainable thermal management. This innovation
addresses PCM leakage challenges and advances eco-friendly thermal
insulation solutions, showcasing significant potential for next-generation
electronics and energy-efficient applications.
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Introduction

As electronic devices advance towards higher power densities,
greater integration, and miniaturization, the challenge of
excessive heat generation during operation has become
increasingly pressing.! This heat generation not only threatens
the safety and reliability of these devices,? but also necessitates
the development of efficient thermal management materials to
ensure their optimal performance and safety.®* Traditional
thermal management methods are plagued by inefficiency, high
energy consumption, and environmental unfriendliness,
prompting an urgent need for materials that offer high effi-
ciency, eco-friendliness, and energy savings. Phase change
materials (PCMs) are emerging as key players in wearable
thermal management. Yet, traditional PCMs, including paraf-
fins* hydrated salts,® alcohols,® and fatty acids” often experience
leakage issues during phase transitions, significantly limiting
their practical applications.® Therefore, selecting appropriate
methods to construct shape-stabilized composite phase change
materials (CPCMs) is essential for the practical use of PCMs.
These composites, which integrate thermal energy storage (TES)
with structural functionality, have attracted considerable
attention in the field of thermal energy storage.” Typically, they
consist of low-melting-point PCMs, such as paraffins, encap-
sulated within polymer matrices.' To enhance the stability and
performance of CPCMs, researchers have explored various
strategies, such as incorporating mesoporous materials like
activated carbon and silica molecular sieves,'* carbon nanotube
sponges,' and expanded perlite."”* Phase change fibers (PCFs),
which are intelligent materials containing PCMs, are currently
recognized as promising platforms for latent heat storage due to
their thermal energy storage and temperature regulation
capabilities.'*

Aerogels, characterized by their high porosity, substantial
pore volume, large specific surface area, and low thermal
conductivity and density, have found extensive applications in
various fields, including life sciences, aerospace,'® military,"”
and thermal management.'®* Currently, most macroscopic
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aerogels are monolithic, characterized by brittleness and poor
structural integrity. There is a significant need for integrating
diverse morphologies, improved machinability, and multiple
functionalities. In this context, aerogel fibers, known for their
excellent flexibility, weavability, and ease of integration, have
emerged as a promising solution.”® Unlike traditional bulky
aerogels, aerogel fibers can be engineered with tailored
mechanical properties, enabling them to be bent, knotted,
twisted, and woven.”* This makes them ideal ultra-insulating
materials for wearable garments®**®* with inherent flame
retardancy.* These attributes have made aerogel fibers essen-
tial in thermal management. Aerogel fibers, are particularly
effective for encapsulating PCMs, providing a viable approach
for fabricating PCFs. The unique properties of aerogels allow
them to fully exploit the nanoconfinement of PCMs, thus
enhancing the performance and stability of phase change
fibers.

Graphene, a two-dimensional material composed of sp’-
bonded carbon atoms, has garnered widespread attention due
to its exceptional mechanical, thermal, chemical, electrical, and
optical properties.”® As a novel nanomaterial, graphene features
a single layer of conjugated carbon atoms arranged in a honey-
comb lattice, exhibiting outstanding electrical conductivity,
high thermal conductivity, and flexibility.”® Graphene oxide
(GO), a graphene derivative rich in oxygen-functional groups,
finds extensive applications in electronics, energy storage, and
biomedical fields.>” GO enhances processability while simulta-
neously improving interfacial adhesion with textile substrates.>®
Additionally, incorporating GO sheets can stabilize molten
polyethylene glycol (PEG) during solid-liquid phase transitions,
making it an effective smart heat storage system.* Silk fibroin
(SF), a natural protein produced by silkworms and spiders, is
a biopolymer renowned for its excellent biocompatibility and
degradability.*® Its unique three-dimensional network structure
provides superior insulating properties, making it suitable for
applications in biomedicine,* textiles,** and insulation.** SF-
based aerogels, with their high specific surface area and
porosity,* contribute to enhanced energy storage density and
exhibit low thermal conductivity, offering excellent insulation.*
Additionally, SF has demonstrated UV absorption capabilities,*®
effectively functioning as a sunscreen to protect skin from UV
damage. GO can be well-dispersed in SF solutions and
uniformly distributed within SF scaffolds.*” The incorporation
of SF into GO aerogels results in through-pore structures,
providing an abundance of pore channels. This combination
leads to composite aerogels with superior thermal stability and
insulating properties.*® However, the poor mechanical strength
of current aerogel fibers limits their practical application in
wearable textiles. To enhance the mechanical integrity and
wearability of GO-based aerogel fibers, an elastic protective layer
is formed on the surface, aiming to bolster overall strength and
flexibility.

Polyethylene glycol (PEG), also known as poly(oxyethylene),
is a water-soluble polyether polymer* widely utilized as an
organic phase change material in various sectors, including
textiles, architectural structures, and solar energy.* Its high
latent heat value, stable thermal properties, minimal thermal
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hysteresis, and non-toxic nature make it a prime candidate for
the fabrication of composite phase change materials. PEG's
biodegradable nature minimizes environmental impact, align-
ing with current ecological trends.** Additionally, its excellent
chemical stability and thermal properties, coupled with its
ability to bond well with other materials such as graphene,”
have established it as a key component of high-performance
composites.

In this study, we have successfully designed and fabricated
composite phase change fibers (PCFs) with a core-shell struc-
ture for efficient environmental thermal management and
storage applications. Employing coaxial wet spinning tech-
nology, we incorporated a GO/SF composite core, known for its
exceptional tensile properties, and selected thermoplastic
polyurethane (TPU) as the shell material due to its superior
mechanical strength and ductility.** The resulting GO/SF@TPU
aerogel fibers demonstrated an impressive tensile strength of
up to 17.21 MPa and a toughness of 136.8 MJ m™>. Subse-
quently, the aerogel fibers were impregnated with PEG, a cost-
effective  PCM known for its excellent thermal storage
capacity, to form the composite structure of GO/SF@TPU-PEG
PCFs. A comprehensive evaluation of their insulating proper-
ties, thermal stability, and thermal cycling was conducted to
validate the practical potential of these materials in thermal
management. The results revealed excellent thermal storage
and temperature regulation capabilities, a low thermal
conductivity of 0.0863 W m ™' K, and a melting latent heat of
86.66 ] g~ '. Furthermore, this fabrication process proved to be
highly efficient and economically viable, with the produced
composite PCFs exhibiting superior insulation effects and
energy storage efficiency. These fibers can be further woven into
fabrics, opening new possibilities for the development of smart
thermal regulation textiles in wearable devices.

Results and discussion

We developed a novel method utilizing coaxial wet spinning
and post-processing techniques to manufacture TPU-
encapsulated GO/SF aerogel fibers. As illustrated in Fig. 1a,
the initial materials consisted of GO solutions, GO/SF mixtures,
and TPU solutions, each individually loaded into two 20 mL
syringes. These solutions were extruded through fixed outer
(17G) and inner (22G) nozzles into a coagulation bath,
employing coaxial wet spinning to successfully fabricate core-
shell structured fibers with GO/SF as the core and TPU as the
shell. Following freeze-drying, TPU-encapsulated GO/SF aerogel
fibers were obtained. The injection speed of the outer solution
was set at 300 pL min~', while the inner flow rate was 800
uL min~', ensuring optimal spinnability and facilitating the
continuous production of long fibers. This process can be
scaled up by adjusting the process parameters, as depicted in
the schematic of the collected fibers in Fig. 1b. The cross-
sectional scanning electron microscope (SEM) images of the
resulting aerogel fibers, as presented in Fig. 1c, illustrate the
direct fabrication of core-shell structured fibers in a one-step
process. This method effectively eliminates the need for elab-
orate steps traditionally involved in converting aerogel

This journal is © The Royal Society of Chemistry 2025
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Fig.1 Schematic diagram of the preparation process, structural characterization and macroimages. (a) Schematic illustration of the coaxial wet
spinning process and post-treatment process to produce GO/SF@TPU aerogel fibers. (b) Fiber collection display. (c) SEM image of the cross-
section of GO/SF@QTPU aerogel fibers. (d) and (f) Higher magnification SEM images of GO/SF@TPU aerogel fibers. Specifically, (d) shows a local
magnification of the core region and (f) shows a local magnification of the shell region. (e) Piece of fabric woven from GO/SF@TPU aerogel fibers.
(g) SEM images of knotted GO/SF@TPU aerogel fibers, and (h) EDS spectra of GO/SF@QTPU composites.

precursors into hollow polymer fibers. Significant differences
are observed when compared to hollow TPU aerogel fibers, as
shown in Fig. S1.f From the scanning electron microscopy
(SEM) images, the cross-section of the coaxial fibers reveals
uniformly fine pores (Fig. 1f), with the wall thickness of the
core-shell fibers ranging from 20 to 65 pm. Fig. S27 illustrates
the rough morphological characteristics of the fiber surface,
which provides an additional protective layer for the internal
graphene fibers, significantly enhancing the overall mechanical
strength of the composite. In contrast, the core GO exhibits
a relatively porous structure (Fig. 1d). The surface of the GO
aerogel fibers features a relatively dense outer layer (Fig. S37),
whereas the introduction of SF results in a more porous exterior
with prominent through-pore structures (Fig. S4t). The weaving
process is depicted in Fig. le. Additionally, Fig. 1g shows the
surface morphology of the fibers after knotting, confirming the
durability and weave-ability of the aerogel fibers. Fig. 1h
displays the energy-dispersive X-ray spectroscopy (EDS)
elemental mapping of the GO/SF@TPU aerogel fiber cross-
section, clearly illustrating the uniform distribution of carbon
(C), oxygen (0), and nitrogen (N) across the fiber cross-section.

In practical applications, fibers are required to possess
a certain level of mechanical properties. Fig. 2a presents the
tensile stress-strain curve of the GO/SF@TPU fibers. During
tensile testing, although the core structure may experience

This journal is © The Royal Society of Chemistry 2025

fractures, the cortex remains continuous, which ensures the
overall integrity of the fiber structure and preserves its func-
tional stability. The tensile strength of the GO/SF core-
containing fibers is significantly higher compared to that of
hollow TPU fibers, increasing from 7.75 MPa to 17.21 MPa. The
comprehensive stress-strain curves for all samples are depicted
in Fig. S5, respectively. This marked improvement in tensile
strength can be attributed to the thinner cortex observed in
hollow fibers, which results from the compressive effect of water
flow during their manufacturing process. In contrast, the core—-
shell structured fibers benefit from a more concentrated and
less moisture-laden core solution, allowing the cortex to main-
tain its thickness during the gelation process. This structural
advantage enhances the mechanical properties of the
composite fibers. The hollow TPU aerogel fibers may experience
stress concentration points after freeze-drying due to the pres-
ence of water in the core, making the fibers more prone to
breaking under stress. In contrast, when the core is a GO/SF
solution, the uniform structure and strong interface bonding
reduce internal defects and stress concentration, leading to
increased fracture strength. Additionally, the as-prepared GO/
SF@TPU aerogel fibers demonstrate an impressive elongation
rate of up to 1264%, with a single fiber easily supporting a load
of 200 grams without fracturing, as shown in Fig. S6a,t and
optical images of the fiber before and after lifting the weight are
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Fig. 2 Characterization and properties of the GO/SF@TPU aerogel fiber. (a) Stress—strain curves of GO/SF@QTPU aerogel fiber and hollow TPU
aerogel fiber. (b) Corresponding toughness. (c) XRD patterns of SF, GO, TPU, and GO/SF@TPU composites. (d) FT-IR spectra of SF, GO, TPU and

GO/SF@TPU composites.

shown in Fig. S6b and c.t Moreover, our aerogel fibers exhibit
excellent shape stability at different humidity levels, maintain-
ing their integrity after twisting and stretching (Fig. S7a-c¥).
They also return to their original shape post-washing
(Fig. S7dt). The tensile strength of these fibers is enhanced by
over 80 times compared to the GO/SF aerogel fibers (Fig. S87).
Fig. S97 illustrates the effect of the inner flow rate on the tensile
properties, with a constant outer flow rate of 300 uL min™,
revealing that the fiber exhibits optimal tensile performance at
an inner flow rate of 800 pL min~". As depicted in Fig. 2b, the
toughness of the fibers increases from 57.7 MJ m™~? for the
hollow TPU fibers to 136.8 MJ m >, surpassing the majority of
the aerogel fibers reported to date. The toughness was calcu-
lated using eqn (S1).+ The mechanical properties are listed in
detail in Table S1.T Concurrently, in order to evaluate the heat-
shielding performance of GO/SF@TPU under ambient condi-
tions, a GO/SF@TPU fabric was adhered to human skin for
approximately 10 minutes. The infrared thermal image shows
that the surface temperature of the GO/SF@TPU fabric is 24.2 °©
C, which is close to the background temperature of 18.6 °C.
Compared with the wrist temperature of 31.6 °C, it represents
a decrease of 7.6 °C, suggesting that GO/SF@TPU has a good
heat - insulation effect (Fig. S10t). Furthermore, mercury
intrusion porosimetry (MIP) was employed to characterize the
pore structure of our GO/SF@TPU aerogel fibers. The test
results show that the samples exhibit typical hierarchical pore

7084 | J Mater. Chem. A, 2025, 13, 7081-7090

structure characteristics, with the pore size distribution span-
ning from approximately 3 nm to 340 um, covering the meso-
pore to macropore range. The total mercury intrusion volume
amounts to 0.9219 mL g, and the porosity is 57.889%, indi-
cating remarkable porous properties. This unique pore struc-
ture is advantageous for applications in fields like adsorption.
The aerogel with a hierarchical pore structure holds broad
application prospects in thermal insulation materials. High
porosity and intricate pore diameters significantly hinder heat
conduction, endowing the material with excellent heat-
insulation capabilities. Moreover, high porosity is favorable
for the infiltration of phase change materials (Fig. S117).

To further explore the crystal structural characteristics of the
materials, X-ray diffraction (XRD) and Fourier transform
infrared spectroscopy (FTIR) were utilized to analyze pure GO,
SF, TPU, and the composite aerogel fiber GO/SF@TPU. The XRD
pattern presented in Fig. 2c reveals distinct peaks for GO,
featuring a sharp peak at 11.2° and a broad peak around 21.0°,
which correspond to the (001) and (002) crystal planes of GO,
respectively.** SF displays a broad peak at 9.0°, while TPU
exhibits broad peaks at 8.73° and 20.7°. The broad peaks of the
composite material GO/SF@TPU at 8.81° and 21.1° suggest that
the crystalline structures of the individual components are
preserved without significant alteration during the formation of
the composite. This indicates successful integration of the
materials, maintaining their intrinsic crystalline properties.

This journal is © The Royal Society of Chemistry 2025
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The Fourier transform infrared (FTIR) spectra shown in Fig. 2d
further corroborate the XRD findings by demonstrating the
absence of new absorption peaks in the GO/SF@TPU
composite. This indicates that the characteristic peaks of GO,
SF, and TPU remain unchanged, suggesting the stability of their
crystalline structures during the composite formation process.
In the FTIR spectrum of GO, distinct peaks are observed at
1717 em™ " and 1637 ecm ™", corresponding to carbonyl (C=0)
and C=C stretching vibrations, respectively. Additionally,
a broad band at 1038 ecm™" is attributed to C-O-C stretching,
and a broad band at 3169 cm ' indicates the presence of
hydroxyl (O-H) groups.* For the SF spectrum, strong absorp-
tion peaks near 2873 cm ' are associated with carbon-
hydrogen stretching vibrations of methyl (-CH;) and methylene
(-CH,-) groups. A peak at 1117 cm ' corresponds to asym-
metric C-O-C stretching.*® The FTIR spectrum of TPU displays
several characteristic absorption peaks. An absorption peak at
3332 ecm™ "' is associated with amino groups (-NH-) in poly-
urethanes. A strong absorption peak at 1727 cm ™" results from
the overlapping effects of ester bonds in both polyesters and
polyurethanes. The range of 1600-1615 cm ' corresponds to
C=C stretching vibrations, while the region from 1520 to
1560 cm ' is attributed to N-H deformation vibrations.
Absorption peaks between 1456 cm™ ' and 1300 cm ™' indicate
C-H deformation vibrations, and the range from 1217 to
1018 cm ™" corresponds to C-O-C ether bond vibrations. The
peaks observed from 850 to 770 cm™ ' suggest aromatic ring
absorption, indicating that the isocyanates used in the poly-
urethane system contain aromatic rings.*” Notably, the FTIR
spectrum of the composite material GO/SF@TPU retains the
characteristic peaks of GO, SF, and TPU without the appearance
of new peaks. This observation suggests that the components

View Article Online
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are interconnected through physical interactions, such as van
der Waals forces and hydrogen bonding, rather than forming
new chemical bonds. The stability of the characteristic peaks
indicates that the crystalline structures of GO, SF, and TPU are
preserved during the composite formation process. This is
crucial for maintaining the desired material properties in the
composite aerogel fiber, ensuring the integrity and functionality
of the individual components within the composite matrix.

The GO/SF@TPU aerogel fibers were impregnated with PEG
to effectively utilize their porous structure. The fibers were
subjected to vacuum infiltration for 2 h, followed by natural
drying after excess PEG was removed from the surface. To
preserve the flexibility of the fibers, a 50% PEG solution was
employed in the preparation of the GO/SF@TPU-PEG composite
material. Fig. 3a displays a SEM image of the fiber's cross-
section after PEG impregnation, revealing that the small pores
have been adequately filled, resulting in a denser and more
compact porous structure. Furthermore, Fig. 3b and c offer
magnified views of the core and shell regions of the fibers,
clearly showing that PEG is uniformly distributed in the pores of
both the core and the shell. This uniform distribution is crucial
for enhancing the mechanical properties and functional
stability of the composite material. The successful impregna-
tion of PEG into the GO/SF@TPU aerogel fibers demonstrates
their potential for various applications requiring a combination
of porosity and flexibility. The presence of PEG not only rein-
forces the structural integrity but also imparts flexibility,
making the composite suitable for a wide range of practical
uses.

As illustrated in Fig. 3d, pure PEG exhibits characteristic
diffraction peaks at approximately 19.0° and 23.2°. The XRD
pattern of GO/SF@TPU-PEG shows diffraction peaks near 8.84°,
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Fig. 3 Characterization of the GO/SF@QTPU-PEG fiber. (a) Cross-sectional SEM image of GO/SF@QTPU-PEG aerogel fibers after PEG impreg-
nation. (b) and (c) Higher magnification SEM images of GO/SF@QTPU-PEG fiber. Specifically, (b) shows a local magnification of the core region and
(c) shows a local magnification of the shell region. (d) XRD diffraction of PEG, GO/SF@TPU and GO/SF@TPU-PEG. (e) FT-IR spectra of PEG, GO/
SF@TPU and GO/SF@TPU-PEG. (f) Stress—strain curves of GO/SF@QTPU aerogel fibers and GO/SF@TPU-PEG fibers.
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19.4°, and 23.5°, similar to the individual components, indi-
cating no new peaks. This observation suggests that the inter-
action between PEG and GO/SF@TPU is purely physical,
without any chemical reaction. Fig. 3e presents the FTIR spectra
of PEG, GO/SF@TPU, and GO/SF@TPU-PEG. In the spectrum of
pure PEG, peaks at 962 cm ™" and 1061 cm ™" correspond to the
stretching vibrations of C-O-C, with maximum absorption
peaks at 1101 cm ™" and 1150 cm ™. Additionally, a stretching
vibration peak of -CH, is observed at 2882 cm™'. The FTIR
spectrum of GO/SF@TPU-PEG reveals the characteristic peaks
of both GO/SF@TPU and PEG, without the emergence of new
peaks. The peak at 1466 cm ' is attributed to the bending
vibration of -CH,, and the region from 1360 cm ™' to 1240 cm !
corresponds to the out-of-plane rocking vibration of -CH,.
Peaks at 1150-1060 cm ™" are due to the stretching vibration of
C-0, while peaks at 946 cm ™" and 841 cm ™! are related to the in-
plane vibration of -CH,. These findings indicate that PEG is
physically adsorbed onto the GO/SF@TPU aerogel fiber without
undergoing any chemical reaction. The retention of character-
istic peaks in both the XRD and FTIR spectra confirms that the
integration of PEG into the GO/SF@TPU matrix is achieved
through physical interactions, preserving the structural integ-
rity and properties of the individual components within the
composite. This physical bonding is crucial for maintaining the
functional attributes of the composite material, ensuring its
suitability for various applications requiring a combination of
porosity, flexibility, and mechanical stability.

Fig. 3f displays the stress—strain curves of the fibers before
and after PEG infusion. The maximum stress observed is
17.21 MPa before infusion and 16.07 MPa after infusion. The
strain decreases from 1264% to 1071%, indicating that the PEG
infusion does not significantly compromise the mechanical
properties of the fibers. These results suggest that the infusion
process maintains the overall structural integrity and flexibility
of the fibers, making the composite material suitable for
applications requiring both high mechanical strength and
elasticity.

The shape stability of phase change materials is critical for
their practical application. Fig. 4 presents photographs from
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leakage tests conducted on PEG and GO/SF@TPU-PEG
composite samples at various time intervals. Two samples
with initially identical shapes, along with pure PEG, were placed
on hydrophobic paper and placed on a heating table at
a constant temperature of 90 °C. Observations indicated that
pure PEG began to liquefy after just 5 minutes of heating and
was completely lost by 10 minutes. In stark contrast, the GO/
SF@TPU-PEG composite material exhibited no signs of
leakage under the same test conditions. This outcome demon-
strates the high shape stability of GO/SF@TPU-PEG at elevated
temperatures, highlighting its significant potential as an effi-
cient phase change material. To evaluate the practical applica-
tion potential of GO/SF@TPU-PEG fibers in fabric form, a series
of tests, including bending and folding, were conducted. As
illustrated in Fig. 5a, the results confirmed the fabric's excellent
flexibility and shape stability. Thermal insulation properties
were investigated by placing a fabric sample, approximately
2 cm X 2 cm in size and 0.5 mm thick, on a hot plate set at 100 °©
C. The temperature difference between the sample surface and
the environment was monitored. Fig. 5b shows the variation in
surface temperature of the fabric during heating and cooling
cycles compared to the environmental temperature. At 100 °C,
the maximum temperature difference between the fabric and
the hot plate reached 26.4 °C. Even under extreme conditions of
—30 °C, the fabric surface maintained a temperature of —13.7 °©
C, exhibiting a 16.3 °C difference. These data strongly indicate
the superior thermal insulation performance of the fabric.
Infrared thermography at different time points (0 min, 1 min,
3 min, 16 min, 18 min, and 20 min) is presented in Fig. 5c,
visually reflecting the temperature changes of the fabric. The
infrared images further validate the fabric's capacity to main-
tain its thermal properties over time, showcasing its effective-
ness in thermal insulation applications.

The thermal stability of pure PEG, TPU, and GO/SF@TPU-
PEG was assessed using thermogravimetric analysis (TGA) and
derivative thermogravimetry (DTG). As depicted in Fig. 6a and b,
pure PEG exhibited a significant weight loss of 99.5% between
312 °C and 416 °C due to its decomposition. In contrast, GO/

SF@TPU-PEG demonstrated a more intricate thermal
3 min 5 min
=
10 Vmin 30 ,min
=
T — 160

Fig. 4 The shape stability test photographs of the pure PEG and GO/SF@TPU-PEG fabric.
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Fig. 5 Shape stability and thermal insulation tests of GO/SF@TPU-PEG fabric. (a) The pictures of GAF-PW after the shape stability test. (b) The
temperature—time curve for the hot plate (Ty), sample surface (T7) and temperature difference (AT) between Ty and T;. (c) Thermal images of the
fabric surface corresponding to the warming and cooling process.

degradation behavior, segmented into four distinct stages: (1)
the initial stage (226-301 °C) showed a weight loss of 13.4%,
indicating the commencement of TPU degradation (Fig. S127);
(2) the second stage (301-352 °C) exhibited a weight loss of
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19.4%, corresponding to the decomposition of PEG and
potential removal of oxygen-containing functional groups from
GO, along with the initial thermal decomposition of SF. (3) The
third stage (352-430 °C) recorded a weight loss of 55.3%,
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Fig. 6 Thermal properties of GO/SF@TPU-PEG. (a) TGA curves of PEG and GO/SF@TPU-PEG fibers. (b) DTG curves of PEG and GO/SF@TPU-
PEG fibers. (c) DSC curves of PEG and GO/SF@TPU-PEG fibers. (d) Corresponding column chart of PEG and GO/SF@TPU-PEG fibers. (e) Thermal
conductivity of PEG, GO/SF@TPU and GO/SF@TPU-PEG. (f) Comparison of toughness and thermal conductivity of our GO/SF@TPU-PEG with

those reported in the literature.
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characterized by substantial TPU decomposition and further
degradation of GO and SF, suggesting that TPU is the primary
decomposing component at this stage. (4) The final stage (430-
530 °C) with a weight loss of 3.9% represents the ultimate
decomposition of the remaining thermally stable components
within the composite. These observations indicate that GO/
SF@TPU-PEG exhibits enhanced thermal stability at elevated
temperatures, with the highest rate of thermal decomposition
occurring at 392 °C. While PEG is almost entirely decomposed
by 416 °C, GO/SF@TPU-PEG retains over 30% of its mass at this
temperature. Additionally, its onset decomposition temperature
is 226 °C, significantly exceeding the phase change temperature
range of the composite. This demonstrates the high thermal
stability of the GO/SF@TPU-PEG composite phase change
materials under operational conditions. Detailed TGA data for
the various materials are provided in Table S2.}

The phase change performance of pure PEG and GO/
SF@TPU-PEG was evaluated using differential scanning calo-
rimetry (DSC). The relevant data are summarized in Table S3.+
The DSC curves for pure PEG and GO/SF@TPU-PEG composite
phase change materials are presented in Fig. 6¢c, with the cor-
responding enthalpy values depicted in Fig. 6d. The loading rate
(a), defined as the mass or volume fraction of PCM in the
composite material, was determined to be 56.21% for PEG in
the GO/SF@TPU-PEG composite fibers. The loading rate was
calculated using eqn (S2).t The results indicate that pure PEG
exhibits a melting enthalpy value of 198.47 ] g~ and a crystal-
lization enthalpy value of 176.04 J g '. In contrast, the GO/
SF@TPU-PEG composite shows the corresponding values of
86.66 J ¢ ' and 69.84 J ¢~ . The encapsulation rate (R), defined
as the ratio of the melting enthalpy of the CPCM to that of the
pure PCMs, was calculated to be 43.7%. The encapsulation rate
was calculated using eqn (S3).T The decreased melting and
crystallization enthalpy values observed in GO/SF@TPU-PEG,
along with the reduced melting temperature and increased
crystallization temperature, may be attributed to the uniform
distribution of PEG within the composite structure and its
interaction with other components, such as GO, SF, and TPU.
This uniform distribution weakens the intermolecular interac-
tions in PEG, thereby affecting its phase transition character-
istics. Specifically, the melting temperature of GO/SF@TPU-PEG
decreases from 57.33 °C in pure PEG to 51.57 °C, and the
crystallization temperature increases from 33.82 °C to 41.38 °C.
This shift suggests that the presence of other components in the
composite material alters the phase change behavior of PEG,
providing additional nucleation sites that facilitate the crystal-
lization process. The irregular peaks in the DSC curves likely
reflect the crystallinity of TPU, which influences the overall
phase change behavior (Fig. S137). These findings elucidate the
impact of the composite material structure on the properties of
phase change materials and highlight the potential of GO/
SF@TPU-PEG for temperature regulation and thermal energy
storage. This is significant for the development of high-
performance phase change materials and lays a foundation
for further research and practical applications. The cycle
stability was investigated through rapid heating-cooling tests
conducted for 20 and 50 cycles. The phase-change properties of
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GO/SF@TPU-PEG composite phase-change fibers were
measured by differential scanning calorimetry (DSC). As pre-
sented in the DSC curves in Fig. S14,1 the characteristic values
during the phase-change process were reduced. The melting
and crystallization enthalpies listed in Table S3f differed
slightly from those of the original GO/SF@TPU-PEG. Minor
differences were also found in the phase-change temperature
compared with the original one, suggesting that the phase-
change properties during the cycle process demonstrated
a certain degree of fluctuation. Nevertheless, it should be
emphasized that the material exhibits excellent mechanical
properties. In practical applications, the mechanical properties
play a crucial role, which indicates that the overall performance
of the material is still of great value. The thermal conductivity of
pure PEG and the GO/SF@TPU-PEG fabric was assessed using
a thermal constants analyzer. The results (Fig. 6e) indicate that
the thermal conductivity of pure PEG is 0.2884 W m ' K/,
whereas that of GO/SF@TPU is 0.0826 W m ™ * K™ * and that of
GO/SF@TPU-PEG is 0.0863 W m~" K~ '. Notably, the incorpo-
ration of PEG enhances the thermal conductivity of the
composite material, as PEG fills pores and strengthens heat
conduction pathways. Thermal conductivity, also known as the
thermal conductivity coefficient, is a parameter that measures
a substance's ability to conduct heat, defined as the amount of
heat transmitted per unit area per unit time. Importantly, the
duality of thermal conductivity in materials must be carefully
considered; while high thermal conductivity aids in rapid heat
transfer, excessive conductivity may lead to undesirable heat
dissipation, affecting thermal storage performance.

In the realm of thermal management, particularly concern-
ing insulating textiles, the importance of strong mechanical
properties and low thermal conductivity is paramount. Fig. 6f
compares the thermal conductivity and toughness of various
materials, revealing that the GO/SF@TPU-PEG PCFs exhibit
exceptional mechanical toughness-reaching up to 142.3 M]J
m >, Our GO/SF@TPU aerogel fibers and GO/SF@TPU-PEG
PCFs outperform most reported aerogels and commercial
textile materials. Additionally, they demonstrate moderate
thermal conductivity, as detailed in Table S4,f which aids in
heat conservation and further emphasizes their substantial
applicability in practical scenarios.

Conclusions

In this study, we successfully engineered graphene oxide/silk
protein core-sheath aerogel fibers for advanced thermal
management applications. By employing a coaxial wet spinning
technique, we integrated a graphene oxide/silk fibroin
composite as the core, encapsulated with thermoplastic poly-
urethane (TPU) to form a robust core-shell structure. The
resulting GO/SF@TPU aerogel fibers exhibited exceptional
tensile strength and toughness, and retained shape stability
over a wide range of humidity levels. All these characteristics are
highly crucial and essential for wearable applications. Subse-
quent impregnation with polyethylene glycol (PEG), a phase
change material, yielded the GO/SF@TPU-PEG composite
fibers, which demonstrated remarkable thermal storage and

This journal is © The Royal Society of Chemistry 2025
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insulation properties. A low thermal conductivity of 0.0863 W
m~' K" and a melting latent heat of 86.66 ] ¢~ underscore the
fibers' efficacy in thermal regulation. Moreover, the fabrication
process was both efficient and cost-effective, rendering the
composite PCFs superior in insulation and energy storage
performance. These findings not only substantiate the potential
of the developed fibers in smart textile applications but also
pave the way for the development of next-generation wearable
devices with enhanced thermal management capabilities.
Future research will optimize material composition and
structure to enhance thermal conductivity while maintaining
mechanical integrity. This will expand the applicability of aer-
ogel fibers in diverse thermal management applications,
advancing sustainable solutions for wearable technologies.
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