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Abstract 

Personal thermal management (PTM) is an energy-saving approach for mitigating 

the growing energy crisis and global warming. Form-stable phase change materials 

(FSPCMs) are potential candidates for PTM application, owing to the reversible 

stimuli-responsive, no energy consumption and precise thermal regulation properties. 

Nowadays, most of the FSPCMs are fabricated as rigid and dense substrates, which 

can’t be conformed to the curved surface of human body, and prevent air penetration, 

causing worse wearing experience. Therefore, flexible and breathable structure are 

desirable and attractive to realize a trade-off between thermal storage capability and 

wearing comfort. 

  It is well known that electrospinning is a versatile technique for fabricating ultrafine 

fibers which exhibit remarkable flexibility and possess high adaptability to the 

curvature change of the skin, due to its high aspect ratio. The resultant membranes 

feature with porous structure for air permeability, which is also favorable for wearing 

comfort. Therefore, phase change fibers (PCFs) by integrating PCMs into ultrafine 

polymer frameworks through electrospinning method behave multi-properties of 

superior flexibility, breathability, shape-stability, tailorability and phase change ability. 

Therefore, our work employed electrospinning technology to prepare flexible 

composite phase change membranes, including uniaxial electrospinning (chapter 2) and 

coaxial electrospinning (chapter 3 and 4). 

In chapter 2, considering most electrospinning process were based on poisonous 

solvents, and pose a potential risk to the human body and natural environment, we used 

green electrospinning technology without toxic solvent and combined surface-

crosslinking to obtain the light-weight, flexible and breathable phase change 

membranes. Biocompatible and biodegradable polymer PVA and PEG were employed 

as supporting matrix and functional component. Subsequently, glutaraldehyde vapor 

was grafted or crosslinked on the surface of ultrafine fibers to block hydrophilic groups. 

The mass ratio of PEG can reach to 55 wt% and realized an optimal melting/freezing 

enthalpy of 60.1/59.1 J/g, which is comparable to these of toxic solvent-based 
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electrospun membranes. In addition, addressed in the intrinsic low thermal conductivity 

of PCMs, high conductive material (CNTs) was dopped in spinning solution to promote 

the heat transfer rate. The thermal conductivity has been improved by 40.4% than the 

blank one. Besides, the phase change fibrous membranes possessed excellent tensile 

elongation of 262%, overcoming the intrinsic brittleness of traditional PCMs, and 

exhibited remarkable shape tailorability and foldability. Considering the favorable 

flexibility, breathability and reasonable phase change enthalpy, the resultant phase 

change fibrous membranes exhibit great potential for further application such as 

personal thermal management textile and thermal-regulated electric system. 

Compared to uniaxial electrospinning technique, coaxial electrospinning is more 

competitive to fabricate form-stable phase change fibers, because PCMs are effectively 

encapsulated by core-shell structure. Since the single-mode thermal regulation based 

on PCMs hardly can cope with the multi-functional demand for longtime and large 

temperature range management, multi-mode and more precise thermal regulation 

textiles are more demandable. Therefore, in chapter 3 and 4, we integrated dual-driven 

heating function (solar/electric heating) with phase change property to realize the 

photo/electro-thermal conversion and thermal energy storage for all day, on demand 

and personalized thermal management. 

In chapter 3, we report a fibrous membrane-based textile that was developed by 

designing the hierarchical core-sheath fiber structure for tri-mode thermal management. 

Especially, coaxial electrospinning allows an effective encapsulation of PCMs, with 

high heat enthalpy density (106.9 J/g), enables the membrane to buffer drastic 

temperature changes in the clothing microclimate. The favorable photothermal 

conversion performance renders the membrane with the high saturated temperature of 

70.5 °C (1 sun), benefiting from the synergistic effect of multiple light-harvesters. 

Moreover, conductive coating endows the composite membrane with an admirable 

electrothermal conversion performance, reaching a saturated temperature of 73.8 °C 

(4.2 V). The flexible fibrous membranes with the integrated performance of reversible 

phase change, multi-source driven heating and energy storage present great advantages 

for all-day, energy-saving, and wearable individual thermal management applications. 
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In order to maintain the porous structure of the fiber film with higher controllability 

for better air permeability, we improved the functional modification method. In 

chapter 4, we applied in-situ reduction method to achieve the conformally deposition 

of functional materials around the individual fibers, thereby the original porous 

structure was better preserved. 

In chapter 4, a breathable and thermoregulating fibrous membrane integrated with 

photo/electrothermal conversion and energy storage/release performance, was 

successfully prepared through coaxial electrospinning and PDA-assisted silver 

deposition technique. We have delicately constructed a hierarchically ordered coaxial 

fiber structure that assembled functional components together for a versatile platform. 

Interestingly, the intermediate PDA layer not only favors homogeneous loading of Ag 

nanoparticles (AgNPs), but also facilitates the interfacial bonding of the adjacent metal 

layer and the phase change fiber substrate for a seamlessly integrated system with 

improved structural stability and robust electrical performance. As a result, benefiting 

from the hierarchical coaxial structure of individual fibers and the overall well-

preserved porous structure, we have fabricated an highly integrated, breathable, 

metalized phase change fibrous membrane with admirable heat enthalpy of 101.1 J/g, 

decent solar heating capability (up to 63.2 °C at 100 mW/cm2), and low voltage-driven 

Joule heating performance (up to 76.8 °C at 3.5 V), which exhibited a broad application 

prospect in next-generation wearable personal thermal management. 
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Chapter 1: General introduction 

 

1.1 The introduction of phase change materials (PCMs) 

PCMs are capable of absorbing and releasing thermal energy during phase transitions. 

When PCMs undergo the process of melting and freezing, their temperature remains 

constant. As the environment temperature reach the melting point of the PCM, it 

changes from solid to liquid and simultaneously absorb heat from the surrounding. 

Conversely, it releases heat when the environmental temperature goes down to the 

freezing point. [1-2] Therefore, PCMs can play a heating or cooling effect in a certain 

time, and it always be used in thermal energy storage (TES) field, because of its high 

laten heat density and reversible energy storage and release capability. The TES 

technology based on PCMs showed a promising prospect in solving the mismatch 

between the thermal energy supply and demand in terms of time, space and intensity, 

and can maximize the energy utilization efficiency [3,4]. 

Based on chemical composition, PCMs are mainly divided into inorganic and organic 

materials [5]. The inorganic PCMs, such as salt hydrate [6-8], possess a high volumetric 

energy storage density, flame retardancy and relatively high thermal conductivity, but 

it suffers from the high supercooling and phase separation. The organic PCMs, such as 

paraffin wax (PW) [9,10] and polyethylene glycol (PEG) [11,12], have negligible 

supercooling but low thermal conductivity. For both inorganic and organic PCMs, the 

solid rigidity and liquid leakage are the universal problems restricting their application. 

Flexible and form-stable phase change materials (FFSPCMs) are designed to overcome 

the aforementioned issues. Currently, different preparation methods of FFSPCMs are 

developed and presented. 

 

1.2 The preparation methods of FFSPCMs 

It is necessary to get the trade-off between the thermal storage capability and the 

mechanical properties of the flexible and form-stable phase change materials according 
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to different applications, such as thermal management of advanced electronic device, 

personal thermal management and heat therapy. In regarding of this, enormous methods 

have been applied to fabricate flexible phase change materials. These methods can be 

divided into (1) hybrid confinement; (2) encapsulation; and (3) polymerization [5,13]. 

 

1.2.1 Hybrid confinement 

1.2.1.1 Interfacial confinement  

  Interfacial or layer confinement method restrict the fluidity of melted PCM by the 

interaction between PCM molecules and the surface of nanomaterials, such as graphene 

oxide (GO) [14] and Ti3C2Tx (MXene) [15] sheet, due to their large specific surface 

area and high functionalization degree. Interfacial confinement results from the strong 

hydrogen bonding and grafting of PCM molecular chains onto supportive materials, to 

keep the liquid PCM packed in the layer or pores of supportive skeleton. Liu et al. [16] 

filled PEG in the space between the stacked MXene flackes. The interlayer capillary 

effect and surface tension force within the composites restrict the leakage of liquid PCM 

during the solid-liquid phase process. In addition, thermal conductivity of the phase 

change composites was promoted and were endowed with excellent EMI shielding 

performance. 

 

Fig. 1-1 The synthetic scheme for the PEG/Epoxy/Ti3C2Tx composite PCMs. Reproduced with 

permission from ref 16. Copyright 2021, Elsevier. 

 

1.2.1.2 Porous confinement 
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Porous materials have been widely used as the supporting skeletons to hold PCMs 

because of their high pore volume, large surface areas, and strong adsorption capability 

[17]. The impregnation of PCM adopts two methods: vacuum impregnation and 

solvent-assisted impregnation. Capillary action prevents leakage of PCM during phase 

transition. Beside the confinement effect on PCMs, additional properties can also be 

imparted to the composite PCMs, such as sunlight absorption, electrical and thermal 

conductivity, flame retardance etc., ascribed to the nature of employed matrix. So far, 

there are many methods to prepare porous scaffolds, such as ice-templated method, 

hydrothermal and chemical reduction, carbonization, chemical vapor deposition (CVD), 

chemical crosslinking, template method and so on. We summarized several porous 

matrices that have been employed to fabricate the form-stable phase change composites, 

such as carbon-based foams [18, 19], polymer sponges [20], and fibrous supporting 

materials [21, 22]. Due to the low density, high thermal/electrical conductivity, decent 

chemical and thermal stability, as well as compatible features, carbon-based scaffolds 

have been widely used as one of the optimal supporting matrices. Chen et al. [23] used 

CNT sponge as compatible supporting host, polyethylene glycol (PEG) as thermal 

regulating guest, and the form-stable composite PCMs was fabricated via a facile 

impregnation approach, it verified that the capillary action induced by the hierarchical 

pores can guarantee the stability of PCMs molecules. They also explored the interaction 

between pure PEG and CNT sponge, and induced that CNT sponge and PEG are just 

simple physical combination without any chemical interaction, because no new 

functional groups are evidently found in FTIR spectra. Yang et al. [24] utilized the 

flame-retardant polydopamine-aramid nanofiber (PANF) aerogel film as host, and take 

DES (deep eutectic solvent composed of ammonium chloride, ethylene glycol, and 

deionized water), a type of ionic liquid which is also noninflammable, as the phase 

change guest. The strong capillary confinement on DES hold them inside the pores 

space of the PANF aerogel films, thereby no DES leaking, and the resultant composites 

exhibited high phase transition enthalpy and non-inflammability 
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Fig. 1-2 (a) Preparation schematic illustration of 3D flexible CNT sponge. (b-d) The SEM images. 

Reproduced with permission from ref 23. Copyright 2020, Elsevier. (e) Schematic fabrication of the 

PANF host aerogel film. (f) Schematic formulation of the PCM. (g) Schematic functionality of 

thermal management and flame-retarding performance. Reproduced with permission from ref 24. 

Copyright 2021, Wiley-VCH. 

 

In wearable applications, PCMs can be effectively confined into the interior of fibers 

with porous structure. Aerogel fibers are effective porous matrix to incorporate PCMs 

in the interconnected porous network [25, 26]. WU et al. [27] employed freeze-spinning 

technique to prepare aerogel fibers, and filled biocompatible PCMs into the 

microstructured fibers with coating of polydimethylsiloxane, the resulting textile 
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woven by these fibers showed good water hydrophobicity, thermoregulating capability 

and high mechanical robustness. 

 

Fig. 1-3 Schematic illustration of the fabrication process of the thermal insulation and 

thermoregulation textiles. Reproduced with permission from ref 27. Copyright 2020, American 

Chemical Society. 

 

1.2.2 Encapsulation 

Encapsulation technology uses organic, inorganic, or hybrid shell materials to wrap 

PCMs in tiny spherical particles or hollow column structure, like tubular materials or 

nano-micro fibers [5, 28,29].  

 

Fig. 1-4 Schematic illustration of the typical organic and inorganic shell of core-shell encapsulation. 

Reproduced with permission from ref 5. Copyright 2021, Elsevier. 
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1.2.2.1 Core-shell encapsulation (0D) 

(1) Organic shell 

The organic shell materials of phase change microcapsules are mainly, melamine-

formaldehyde (MF) resin [30], urea-formaldehyde (UF) resin [31], poly(urea–urethane) 

[32], and so on. Organic shell materials endow the microcapsules with structural 

flexibility and excellent endurance to volume change during repetitive phase change 

process, but they also suffer the poor chemical stability and thermal conductivity. Zhang 

et al. [33] prepared phase change material microcapsules with melamine resin (MF) 

shell via cellulose nanocrystal (CNC) stabilized Pickering emulsion in-situ 

polymerization. The content of PW in microcapsules can reach as high as 87.0 wt%，

and the microcapsules also possess self-extinguishing performance because of the fire-

retardant properties of MF shell. 

 

Fig. 1-5 Schematic illustration of the preparation of PCM microcapsules with CNC reinforced MF 

hybrid shell. Reproduced with permission from ref 33. Copyright 2022, Elsevier. 

 

(2) Inorganic shell  

The inorganic shell, including silica (SiO2), titania (TiO2), alumina (Al2O3) etc., as 

rigid shell forming materials, have been employed to encapsulate PCMs. Compared to 

organic shell, the inorganic shell exhibit higher thermal conductivity, better thermal 

conductivity, mechanical durability, chemical inertness and nontoxicity. Kang et al. [34] 
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prepared phase change microcapsules with paraffin as core and SiO2 as inorganic shell. 

It is shown that the SiO2 shell is not only conductive to avoid the leakage of the liquid 

paraffin undergo the phase change process, but also improve the thermal conductivity 

of the phase change microcapsules. The content of paraffin in the microcapsules can 

reach 70 wt%, resulting in a high latent heat of 126.1 J/g. The thermal conductivity of 

the phase change microcapsules is 0.37 W m−1 K−1, which is 131.25% higher than that 

of the pure PCM. 

 

Fig. 1-6 The preparation schematic of paraffin@ SiO2 microcapsules. Reproduced with permission 

from ref 34. Copyright 2022, Elsevier. 

 

(3) Hybrid shell  

Organic-inorganic hybrid shells greatly enhance the thermal and mechanical 

performance of phase change microcapsules. Xiong et al. [35] prepared 

bioelectrocatalytic phase-change microcapsules, using an emulsion-templated 

interfacial polycondensation technique to construct a base phase change microcapsule 

system and followed by surface deposition and physical adsorption to construct 

multilayer of shell. Specially, PCM core was encapsulated in the TiO2 shell, forming 

the phase change microcapsule (TiO2-MEPCM), and then polypyrrole (PPy) was 

deposited on the shell as a conductive layer. Finally, horseradish peroxidase (HRP) was 

immobilized on the PPy layer for additional functions. 
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Fig. 1-7 Scheme of fabrication strategy and reaction mechanism of HRP@PPy-TiO2-MEPCM. 

Reproduced with permission from ref 35. Copyright 2022, Elsevier. 

 

1.2.2.2 Longitudinal core-shell encapsulation (1D) 

The longitudinal confinement is also a kind of core-shell encapsulation, but in one 

dimension [13]. It is divided into tubular confinement and fibrous confinement, such as 

infiltrating liquid PCM into the inner cavity of CNTs and core-shell fibers.  

(1)  Tubular confinement 

Being a hollow cylindrical structure of CNTs, PCMs can be infiltrated into the inner 

space of open-ended CNT. The high conductivity of CNTs is advantages to improve the 

thermal response. Kong et al. [36] infiltrated PCM into the polymer bamboo-like 

nanotubes (NTs) with PPy coating. The PPy shell layer imparts sunlight absorption 

property and electrical conductivity to the composite. Solar radiation can be sufficiently 

harvested by NTs and transferred to the internal PCMs to initiate the solid – liquid phase 

transition. In addition, the NTs also construct conductive path and the generated Joule 

heat can trigger the phase transition of the core PCMs. The integrated core-shell 

structure paves the way for efficient photo/electro-thermal conversion. Wang et al. [37] 

prepared polyethylene glycol (PEG)@modified wood powder (MW) composites by 

impregnating PEG into the hollow structure of wood powder, and then prepared a fire-

warning aerogel composed of the carbon nanotubes, calcium alginate and PEG@MW 

through freeze-drying method. PEG@MW can absorb the excessive heat and store 

them, thus restrict heat transfer to the fire-warning aerogel, possessing the thermal 
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insulation effect, and PEG@MW was also served as the supportive skeleton, which is 

conductive to improve the mechanical properties of the aerogel. 

 

Fig. 1-8 (a) Schematic illustration of the preparation of PCM@ NTs@PPy. Reproduced with 

permission from ref 36. Copyright 2021, American Chemical Society. (b) Schematic illustration of 

the preparation of P@MW/ A-CNT/CA aerogel and SEM images. Reproduced with permission 

from ref 37. Copyright 2022, Elsevier. 

 

(2)  Fibrous confinement  

Coaxial electrospinning is utilized to fabricate core-sheath nanofibers, where PCMs 

are encapsulated as core by supportive sheath materials in nanoconfined technology 

[38,39]. Liu et al. [40] prepared the phase-change separators PW @ PAN through 

coaxial electrospinning technology, the membrane-based separator was endowed with 

thermoregulating property, as PCM is employed as the core and PAN polymer acts as a 

protective sheath in a core-sheath structure. 
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Fig. 1-9 (a) Configuration of LIBs with the thermoregulating separator. (b) Schematic structure of 

the thermoregulating separator. (c) Mechanism of the thermoregulating separator for alleviating the 

internal temperature in LIBs. (d) Specific structure change of PCMs upon heat absorption and heat 

release. Reproduced with permission from ref 40. Copyright 2021, Wiley-VCH. 

 

Moreover, vacuum injection strategy is also a facile method to encapsulate PCMs in 

hollow tubes [41]. Wang et al. [42] fabricated flexible phase change fibers (PCFs) by 

injecting PCM and thermochromic agent (TA) into polydimethylsiloxane (PDMS) 

hollow tubes via a vacuum injection method, then PCFs were woven into textiles for 

intelligent thermal regulating application. The encapsulated PCM can store the heat 

energy to maintain the temperature around a constant level, thus improve thermal 

comfort for wearer. Ning et al. [43] fabricated multifunctional smart fibers using hollow 

silicone rubber fibers filled with liquid metal (LM), and the rubber shell was added with 

phase change microcapsules. The fibers exhibit spontaneous heating or cooling effect, 

according to the surrounding temperature fluctuation, through heat energy storage and 

release by phase transition of PCMs. It creates a more comfortable microenvironment 
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between clothing and human skin, which is attributed to the admirable bidirectionally 

and automatically thermal adjustment. 

 

Fig. 1-10 (a) Schematic diagram of the preparation of PCFs. Reproduced with permission from ref 

42. Copyright 2023, Elsevier. (b) Schematic diagram of the structure and the thermal-regulating 

mechanism of the multifunction fibers. Reproduced with permission from ref 43. Copyright 2021, 

Elsevier. 

 

1.2.3 Polymerization 

Polymerization is also a universal strategy to fabricate flexible and form-stable phase 

change composites. It was constructed by blending PCMs into the molecular skeleton 

of elastic polymer, as well as bonding PCM chains to polymeric skeleton. The products 

fabricated through the former method is belonged to the Polymer/PCM blending 

composites. The later one that develops the phase change polymer with cross-linked 

molecular structure is categorized to the crosslinked polymeric PCMs.  

 

1.2.3.1 Polymer/PCM blending composites 
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Polymer/PCM blending composites are usually prepared by melt blending or 

blending with organic solvents. Elastic polymers are intensive used as polymer skeleton 

to improve the flexibility, including thermoplastic elastomers and macromolecular 

polymers. The former one is represented by styrene–butadienestyrene (SBS), olefin 

block copolymer (OBC) and polyurethane (PU). The later one is represented by high-

density polyethylene (HDPE), polyvinyl alcohol (PVA), polymethyl methacrylate 

(PMMA) and polydimethylsiloxane (PDMS). The macroscopic mechanical properties 

of the phase change composites are dominated by the intrinsic features of supporting 

polymer matrix, because the molecular chains of the supporting polymer are larger than 

pure PCMs. Therefore, the physically blending between PCMs and elastic 

thermoplastic polymers paves the ways for PCM composites with adjustable flexibility. 

  As the remarkable multiblock thermoplastic elastomers, OBC and SBS are widely 

used as a polymer matrix for the development of the flexible PCMs with temperature-

varying mechanical properties. They consist of three-block molecular structures, where 

the part of hard segments remains unchanged and provide supportive effect, while the 

soft segments can slide freely, affording tensile and tear resistance. The crystalline 

structure of PCM in the solid phase will restrict the free movement and stretching of 

the soft chain segment after mixing with the block copolymer, which shows the rigidity 

characteristics. During the phase transition, the crystal structure gradually disappears, 

and the soft segment exhibits good flexibility upon debonding. Hu et al. [44] fabricate 

flexible phase change composite through loading paraffin into interpenetrating network 

formed by SBS and CNTs for thermal management and thermal storage. The 

intrinsically flexibility of the phase change composites results from the 3-D network 

formed by the chemical cross-linking between SBS and CNTs. 
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Fig. 1-11 Schematic diagram of the preparation of PW-SBS/CNT composites. Reproduced with 

permission from ref 44. Copyright 2022, Elsevier. 

 

1.2.3.2 Crosslinked polymeric PCMs 

Cross-linked structures are designed to improve mechanical and chemical stability 

by linking PCM molecular segments with a backbone. PEG is widely used in this 

method, because of the dual-terminal hydroxyl groups that are prone to be chemical 

modified. For example, PEG can be crosslinked with isocyanate in polymer skeleton to 

construct polymeric network, thus the phase change composites exhibit solid-solid 

phase change performance and realized an excellent shape stability [45]. The 

crystallinity of PCMs can be tuned through control the crosslinking density of the 

polymeric network. Therefore, it is possible to adjust the thermal storage density and 

mechanical properties as desired or for a trade-off, which is promising for developing 

intrinsic flexible PCM composites. Kou et al. [46] synthesized intrinsic flexible and 

form-stable PCMs through two step polymerization process. They crosslinked PEG 

crosslinked with melamine and TDI, and consequently prepared the PCM film by 

casting. They investigate the thermal performance of the phase change film with PEG 

with different molecular weight. The resulting phase change film also exhibited 

admirable intrinsic flexibility, excellent conformability and intersting tailorability and 

foldability. 
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Fig.1-12 (a) Schematic representation of intrinsic PCM synthesized with PEG, melamine and TDI. 

(b-e) The photographs of the intrinsic flexible PCM films. Reproduced with permission from ref 46. 

Copyright 2021, Elsevier. 

 

1.3. Thermal energy conversion mechanisms 

1.3.1 Photo-thermal energy conversion  

The Effective conversion and utilization of abundant solar energy is a necessary 

condition to meet the global demand for inexhaustible energy. Therefore, photo-thermal 

energy conversion is an indispensable and promising research topic. However, most of 

PCMs have inferior solar absorptance in the visible light region, so rendering solar 

absorptivity to PCMs is promising for clean and renewable energy utilization [47,48]. 

Solar-thermal materials are capable of harvesting solar energy, which has been widely 

used in power generation, thermal energy storage, water purification, and sterilization 

systems over the past decades. A facile and universal method to fabricate solar-thermal 

composite phase change materials is cooperating solar-thermal materials with PCMs, 

thereby the generated thermal energy could be stored by PCMs, which realize effective 

use of solar energy as well as energy storage to solve the mismatch between energy 

supply and demand [49]. Therefore, solar-thermal energy conversion and storage 

exhibit great potential for utilization of intermittent solar energy. This process contains 

two steps, firstly, the sunlight is first converted into heat energy, then the generated heat 
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is stored as latent heat through the phase change process of PCMs. Solar-thermal 

materials are able to effectively absorb solar irradiation in a broad band across the entire 

solar spectrum, and exhibit high photo-thermal conversion efficiency. Various 

nanostructured materials can excite solar-thermal effect, including carbon-based 

materials, metallic materials, semiconductors, and some conjugated polymers, etc. 

These materials mainly have three kind of solar-thermal conversion mechanisms, 

including conjugate effect and hyperconjugate effect, surface plasmon resonance (SPR) 

effect, and localized SPR (LSPR) effect, and nonradiative relaxation effect. The 

photothermal conversion on carbon-based materials and some conjugated polymers are 

belonged to the conjugate effect and hyperconjugate effect. The photothermal 

conversion on metallic materials ascribed to the SPR effect and LSPR effect. The 

typical semiconductors, such as MoS2 and CuS, are widely used in photothermal 

conversion, attributed by the nonradiative relaxation effect. 

  The solar-thermal conversion efficiency of PCM composites is calculated by the 

following equation [50]: 

𝜂𝑃𝑇(%) =
𝑚 ⋅ 𝛥𝐻

𝐴 ⋅ 𝑝 ⋅ 𝑡
 

Where m is the mass of PCM, 𝛥𝐻 is the heat enthalpy of PCM, 𝑝 is the irradiation 

intensity of the solar, A is the area of sample, and t is the phase change time. 

 

1.3.2 Electric-thermal energy conversion 

Different from the intermittent and uncontrollability of solar energy, electric power 

supply is continuous and stable, thus the electric-thermal conversion technology has 

better continuity and stability than photo-thermal conversion technology. The 

conversion device has the advantages of compact, fast and portable, which exhibit great 

potential in thermal management fields, such as power vehicles, electronic devices, and 

off-peak electric storage systems. Pure PCMs have very low electrical conductivity, and 

it is hard for PCMs to trigger the electrical-thermal conversion. Therefore, it is 

necessary to cooperate PCMs with supporting materials with high electrical 

conductivity. These conductive materials determine the conversion from electric energy 
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to heat energy, and PCMs act as an energy accumulator for the generated thermal energy. 

Various electrically and thermally conductive fillers including metal materials (Cu, Ag, 

Au, Al, Ni), carbon materials (CNTs, graphene), and conductive polymers (PANI, PPy, 

PEDOT) have been integrated into the PCM system [51,52]. The generated joule heat 

could be stored as the latent heat of PCMs.  

The electric-thermal conversion efficiency of PCM composites is calculated by the 

following equation: 

𝜂𝐸𝑇(%) =
𝑚 ⋅ 𝛥𝐻

𝑈 ⋅ 𝐼 ⋅ 𝑡
 

Where m is the mass of PCM, ΔH is the heat enthalpy of PCM, U is the applied 

voltage, I is the input current, and t is the phase change time. 

 

1.3.3 Photo-thermoelectric energy conversion 

Photo-thermoelectric energy conversion are composed of photo-thermal conversion 

and thermoelectric conversion. Firstly, solar-thermal materials convert solar energy to 

heat energy. Secondly, the generated energy was reproduced to be electric energy by a 

thermoelectric generator. Between these two steps, PCMs store the heat energy as the 

latent heat, maintain a higher temperature different in longer time for generating electric 

energy. Therefore, PCMs serve as a long-lasting heat source for a thermoelectric 

generator, providing dispatchable power generation abilities [53, 54]. The photo-

thermoelectric energy conversion efficiency of PCM composites is calculated by the 

following equation: 

𝜂𝑃𝐸𝑇(%) =
𝑈 ⋅ 𝐼

𝐴 ⋅ 𝑝
 

Where U is the output voltage, I is the output current, 𝑝 is the irradiation intensity 

of the solar, A is the area of sample. 

 

1.4. Applications of the flexible PCMs 

1.4.1 Thermal management of electronic devices 

As people's needs increase and technology develops, high integration of electronic 
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devices is an inevitable trend, such as the development of high-energy battery packs 

and high-performance chips. As a result, a large amount of heat can easily accumulate 

in the device and lead to the failure of the circuit. With its high thermal energy storage 

density and tremendous heat absorption capacity, PCM can effectively help buffer 

temperature rise when assembled with electronic components. Compared to traditional 

thermal management methods, PCM consumes no energy and requires no additional 

components. However, in many cases, the complex shape of electronic devices makes 

it difficult for PCMs to fit snugly into the device and thus not achieve full effectiveness. 

In such cases, flexible PCMs can solve the fit problem by greatly improving the 

adaptability. It is well known that the performance of power batteries is greatly affected 

by temperature. An efficient thermal management system facilitates the battery to 

operate in a reasonable temperature range. Battery thermal management systems 

(BTMs) based on phase change materials (PCM) are a passive thermal management 

approach, and they exhibit the merits of low operating costs and good temperature 

uniformity [55]. 

At present, organic PCMs are the main PCMs used in most research of BTMs, due 

to the advantages of low cost, good stability, low toxicity, non-corrosiveness, no 

supercooling and phase separation. However, they have the drawbacks of inferior 

thermal conductivity and high flammability. To address these problems, researchers 

have tried to add fillers with high thermal conductivity and flame retardancy, which is 

a hot issue in the field of battery thermal management. 

Due to the inevitable flammability of organic PCM, inorganic materials with flame 

retardant properties have become a hot research topic in the future. The research on 

inorganic PCM is important to solve the thermal runaway problem of power batteries. 

Due to the limitation of phase transition temperature, most of the inorganic PCMs 

available for BTMS are hydrated salts, which have unstable thermophysical properties. 

However, inorganic PCMs are completely nonflammable and cost much less than 

organic PCMs. The main obstacle to the application of inorganic PCM is the inferior 

thermal conductivity and stability caused by phase separation, dehydration or 

supercooling. To buffer the thermal runaway while maintaining the electrochemical 
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performance of the cell, a thermally regulated hydrogel electrolyte was designed by 

Meng et al. The phase change chain PEG is incorporated into the agarose backbone 

(AGr) by hydrogen bonding. When the internal temperature of the cell reaches the 

melting point, the PEG in TRHE changes from a crystalline state to an amorphous state 

and absorbs heat, thus achieving thermal buffering and preventing overheating and 

explosion of the zinc-ion battery [56]. 

With the development of technology, high-rate charging and discharging 

technologies began to appear. Especially, the emergence of fast charging and 

discharging technology tends to cause excessive heat accumulation and local 

temperature rise in the battery pack. However, the low thermal conductivity of pure 

PCM is unfavorable for heat dissipation, so improving the thermal conductivity of PCM 

is the focus of many scholars' research at present. At present, the basic methods to 

achieve high thermal conductivity of PCM can be roughly divided into two categories: 

increasing high thermal conductivity on carbon-based materials and increasing high 

thermal conductivity on metal-based materials. However, there is still a problem that 

cannot be ignored. Metal particles, expanded graphite and other heat transfer enhancing 

materials are commonly used in PCM, but these additional materials are highly 

conductive and therefore cannot guarantee the safety of power cells. Therefore, future 

research will focus on electrically insulating and highly thermally conductive fillers. 

Boron Nitride (BN), featuring electrical insulation and high thermal conductivity, is a 

good choice to improve the safety of power batteries [57]. Guo et al. [58] reported a 

PCM for lithium-ion batteries capable of dual-mode thermal management by liquid 

metal (LM) modified polyethylene glycol/LM/boron nitride (BN) for photothermal 

effects and passive heat transfer. Typically, the soft, deformable LM is modified on the 

BN surface to act as a thermal bridge to decrease the contact thermal resistance between 

adjacent fillers to achieve high thermal conductivity. In addition, the LM with excellent 

photothermal properties provides efficient cell heating capability for PCM. As a dual-

mode cell thermal regulator, it is also endowed with manufacturing tunability, electrical 

insulation, shape stability, corrosion resistance, and flame retardancy. 
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Fig. 1-13 (a) Working principle of passive battery thermal management at high temperature using 

PCM thermal regulator. (b) Working principle of heating of battery in a cold environment through 

light-to-heat conversion. Reproduced with permission from ref 58. Copyright 2022, Springer Nature. 

 

1.4.2 Personal thermal management 

It is crucial to maintain the temperature within an appropriate range for the human 

body. The reversible absorption and release of latent heat by PCM can serve as a 

responsive thermal control medium to adjust the local temperature in the microclimate 

under clothing. When the temperature rises above the melting point, PCMs absorb the 

heat through solid to liquid phase transition, buffering heat conduction to skin. When 

the temperature decreases below the crystallization point, PCMs release the stored 

latent heat, preventing temperature from sudden dropping. More efficient thermal 

management requires PCM to be flexible and able to conform to the curvature changes 

of skin [59, 60]. In order to adapt to the thermal comfort of the human body, the PCMs 

with a phase change temperature in the range of 18-36 °C is appropriate for wearing 

application, such as n-nonadecane, n-heptadecane, n-eicosane, n-octadecane, etc. 

Addressing on the leakage issue, coaxial electrospinning and microencapsulation 

technology have been employed to fabricate the form-stable PCM composites with 

long-term durability. For phase change microcapsules, they have been incorporated into 

textiles by mature methods in the textile industry, such as as coating, padding, 

laminating, printing, etc. 
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It is notable that the work properties of PCMs are dependent on many factors, such 

as filling rate, material class, and distribution. Therefore, there may sometimes be a 

trade-off between working performance and wearing comfort. Li et al. [61] prepared 

phase change composite films by continuous electrospinning. The synthesized core-

shell PCM was used as the phase change medium, and then Janus-type structures were 

formed by a spraying process. The versatile composite films with Janus-structure 

possess favorable properties of phase change thermoregulating, radiative cooling, Joule 

heating, photothermal conversion, thermal camouflage, and EMI shielding capabilities. 

 

Fig. 1-14 Schematic of the application of the Janus phase change composite film. Reproduced with 

permission from ref 61. Copyright 2023, Wiley-VCH.  

 

1.4.3 Thermal management for building 

As living standards continue to rise, so does the demand for thermal comfort in 

buildings, causing an increase in energy consumption. Heating and cooling applications 

account for 32–33% of a building's total energy cost. For global energy demand and 

reduce environmental pollution, even a small improvement in energy savings in 

building heating and cooling system is significant and meaningful [62, 63]. On this 

regard, it is effective to incorporate PCMs with melting points of 18 to 30 °C into 

wallboards, floors, ceilings, and other structures of buildings in buffering the interior 

temperature fluctuations and reducing energy consumption. 

Besides wallboards and roofs, other building structures, like floors, ceilings, and 
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windows, have also been incorporated with PCM for building thermal management. 

Currently, considerable efforts have been contributed to develop PCM-based radiant 

heating system for building thermal regulation on floors. Yang et al. [64] constructed a 

bilayer structure for temperature management in building. They cooperate a room-

temperature PCM system with a passive radiation cooling (PRC) function. PCM was 

introduced to regulate the cooling performance of the bilayer structure, because their 

energy storing capability facilitate the cooling effect by the PRC. 

 

Fig. 1-15 Schematic of the application of the PCM enhanced radiative Cooler in building. 

Reproduced with permission from ref 64. Copyright 2023, American Chemical Society. 

 

 

1.4.4 Thermal infrared stealth 

Infrared stealth technology is promising in military and industrial fields. The 

feasibility of infrared stealth technology depends on the difference in infrared radiation 

energy between the background and the object. Currently, there are two key points to 

achieve favorable infrared stealth performance: one is to reduce the infrared emissivity 

of the object’s surface, and the other is to reduce the temperature difference between 

the object and the background. The latter method affects the thermal imaging camera 

by hiding the infrared radiation through temperature regulation, such as insulation and 

controlling the heat flux [4, 65]. Nevertheless, thermal insulators are usually thick and 
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heavy, which is not conducive to heat dissipation, thus cause huge heat build-up. 

Therefore, PCMs with large latent heat storage capacity have been explored as 

exploitable infrared emission materials.  

PCMs can regulate temperature to hide infrared radiation due to the thermal storage 

capabilities, providing a viable option for the rational design of infrared stealth 

materials. Zhou et al. [66] prepared a flexible phase change hydrogel by integrating 

phase change microspheres into PVA-gel substrate. The phase change hydrogel has the 

advantages of excellent flexibility and adaptability. Thus, they are conformable to 

arbitrary targets. Additionally, phase change hydrogels can also be easily coated on 

ordinary fabrics, as phase change wearable devices, to realize the infrared stealth on the 

body. 

 
Fig. 1-16 Schematic illustration of the infrared stealth function of phase change hydrogel. 

Reproduced with permission from ref 66. Copyright 2022, American Chemical Society. 

 

 

1.5 Purpose and outline of this research 

1.5.1 Research purpose 

Thermoregulation has pivotal implications for human health and 
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thermophysiological comfort. Traditional central space heating and cooling systems 

cause huge electricity consumption, and they fail to satisfy each individual’s 

requirements of thermophysiological comfort that might different from person to 

person. The emerging advanced textiles designed for personal thermal management 

(PTM) have shown great promise in energy saving manner, and maintaining 

personalized thermal comfort. 

  Our research is aimed to develop the fibrous membrane- based thermoregulating 

textile with reversible temperature adjustability to improve the wearers’ thermal 

comfort in an all-weather, energy saving, and on-demand manner. 

  To meet the above requirements, we designed the fibrous membranes based on the 

following disciplines: 

(1) The reversible temperature adjustability can be realized based on the laten heat 

of phase change materials (PCMs). The phase change membranes could absorb 

the extra heat energy, playing a cooling effect at high temperature. Conversely, 

they could release the stored heat energy, playing a warming effect when 

temperature decreased to a certain level. 

(2) Affording positive heating functions through input the extra energy (solar energy 

and electric energy) based on the light-thermal energy conversion and electric-

thermal energy conversion.  

(3) Ensuring the necessary wearing comfort, including the flexibility, deformability, 

tailorability, air and moisture permeability and wearing durability.  

 

1.5.2 Research outline 

  Phase change materials (PCMs) based on latent heat storage, capable of storing and 

releasing excess energy, has been regarded as a potential candidate in thermal 

management. We integrated two typical organic PCMs (PEG and PW) into the fibrous 

membranes through electrospinning technology to develop the temperature responsive, 

and bi-directional thermal regulating textiles. 

  In chapter 2, we presented a green strategy to construct eco-friendly fibrous 

membranes with responsive reversal thermal regulation properties via electrospinning 
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and surface crosslinking. Biocompatible and biodegradable polymer PVA and PEG 

were employed as supporting matrix and functional component, respectively, and toxic 

organic solvent were excepted from the electrospinning process. Furthermore, high 

conductive CNTs were introduced into the composite fibers to enhance thermal 

conductivity. The phase change membranes showed the effective thermal regulation 

capability, verified the great potential in thermal management field. 

  In chapter 3, since the single-mode thermal regulation based on PCMs fail to cope 

with the multi-functional demand for longtime and large temperature range 

management, multi-mode and more precise thermal regulation textiles are in demand. 

We proposed an approach for all-day individual thermal management through 

integrating the reversible phase change property, sustainable solar-heating, and 

complementary Joule heating into one wearable thermoregulatory textile. Specifically, 

we designed a hierarchical core-sheath structured fibers which are composed of the core 

PW, supportive elastic shell polyurethane (PU) and external solar-responsive 

multilayers of CNTs, PDA, and PEDOT:PSS, where PEDOT:PSS also serves as a 

conductive layer. The hierarchical core-sheath structure assembled various functional 

materials into individual fibers, therefore the multiple thermal regulation routes were 

integrated into one membrane-based textile. The tri-mode thermoregulatory fibrous 

membrane presented promising potential for application in wearable personal thermal 

management. 

  The porous structure is one of the key points for air/moisture permeability. In 

chapter 4, to better maintain the porous structure of the pristine phase change 

membranes, we applied the in situ polymerization and in situ electroless deposition 

strategies to introduce the functional materials on the surface of core-shell fibers. In 

summary, a breathable and thermoregulating fibrous membrane integrated with tri-

mode thermal regulating routs was prepared through constructing the hierarchical core-

sheath structure of fibers. In addition, the air/moisture permeability and the 

electromechanical stability was validated. What’s more, the fabrication process was 

simplified compared to the study in chapter 3.  
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Chapter 2: Ultra-flexible, breathable and form-stable phase 

change fibrous membranes by green electrospinning for personal 

thermal management 

2.1 Introduction 

Thermal comfort is one of the most essential needs for living. In long history of 

mankind, clothing has always been playing a vital role in maintaining constant 

temperature of human beings. With the development of social civilization, extensive 

emphasis has been placed on the artistic and esthetic effect of clothing, while thermal 

comfort performance is the primary goal to satisfy the requirements of daily life and 

labor productivity. Under most circumstance, indoor thermal regulation depends 

heavily on building heating, ventilation, and air conditioning (HVAC) systems at 

expense of numerous energy consumption accounting for 40% of that of total building, 

which contribute to about 30% of greenhouse gas emission.1,2 Therefore, on the face of 

energy crises and global warming, it is urged to implement thermal regulation by more 

efficient energy cost strategies.  

In decades, many efforts have been devoted to personal thermal management (PTM) 

textile benefiting from its local temperature controllability in the microclimate next to 

the body skin instead of the entire indoor space.3–7 Smart thermal regulating textiles 

have attracted great attention and have been recognized as fascinating and promising 

candidates from the perspective of energy saving, responsive thermal regulation and 

unrestricted application place including indoor and outdoor condition.8–10 

Thermal energy storage (TES) technology has been extensively explored in advanced 

PTM textile.11 Among various TES strategies, phase change material (PCM) is a 

competitive option in virtue of its high latent heat storage density, stimuli-responsive 

and reversible thermal regulating capability.12,13 PCMs are capable of storing and 

releasing latent energy during phase transition at almost constant temperature. 

Combining PCMs with clothing can render temporary cooling or heating effect in 

microclimate to enhance target thermal comfort.14–16 In order to solve the leakage issue 
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of PCMs, form-stable PCMs (FSPCMs) have been developed by physical blending or 

chemical modifying for the advantages of versatile fabrication, desirable dimensions 

and cost-effectiveness.17 FSPCMs are mainly composed of functional component and 

supporting material. However, the universal PCMs such as fatty acid, paraffin and 

polyethylene glycol (PEG) have intrinsic rigid characteristic, which restrict their 

application in wearable thermal management scenario. There are mainly three strategies 

to fabricate flexible PCMs, (i) impregnating PCMs into 3D porous supporting scaffolds 

by capillary action,18–26 (ii) encapsulation by micro-shells,27–30 (iii) constructing 

molecular structure-based flexible PCMs, the flexibilities come from the intrinsic 

elasticity of the cross-linked polymeric skeleton.31–33 

A high thermal management efficiency required that the PCMs can be conformed to 

the curved surface of human skin.34 It is well known that electrospinning is a versatile 

technique for fabricating ultrafine fibers which have high adaptability to the curvature 

change of the skin.35 Therefore, phase change fibers (PCFs) by embedding PCMs in 

ultrafine polymer framework behaves multi-properties of superior flexibility, 

breathability, shape-stability, tailorability and phase change ability. However, majority 

of reported electrospinning nanofibers were based on organic precursor solution, where 

poisonous solvents evaporate directly into the atmosphere during the electrospinning 

process.16,36 Furthermore, the excessive residual solvents in electrospun membranes 

would be serious threats to human health during the long-time service. On the other 

hand, these electrospinning polymers only dissolvable in toxic organic solvents are also 

poorly degradable without recycle treatment, causing second environment pollution. 

Therefore, developing PCFs based on non-toxic solvent with biodegradable material is 

highly desirable and overwhelming.37,38 

Herein, PEG was selected as a functional component due to its high thermal enthalpy, 

adjustable phase change temperature, biocompatibility, cost-effectiveness and ease of 

chemical modification. Poly (vinyl alcohol) (PVA) is a kind of semicrystalline polymer, 

which was employed as electrospinning template polymer to construct a flexible 

framework, benefiting from its excellent spinnability, biodegradability, nontoxicity and 

water-solubility. The sacrificial H-bond provides a certain interaction for the insertion 
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of PEG. Since most of the biodegradable material have weak mechanical properties，

39 and the universal low thermal conductivity of PCMs, 15 a reinforcing additive carbon 

nanotubes (CNTs) with high thermal conductivity had been introduced into the matrices 

to promote tensile strength and heat transfer rate. In addition, the intrinsically 

hydrophilicity of waterborne polymers will suffer water-absorbing, swelling and 

disintegrating when contact with water. The practical strategy previously reported is 

chemical crosslinking, which can improve water resistance effectively, such as coating 

crosslinking and in situ crosslinking. However, the coating crosslinking would 

inevitably block pores of fibrous membranes, and in situ crosslinking is prone to 

extensively constrain the movement of PEG chains. In contrast, glutaraldehyde (GA) 

vapor crosslinking is a mild and biocompatible modification technique, which has been 

widely used to crosslink hydroxyl-containing polymers, the reactive vapor can 

penetrate to the porous membrane bulk for effective but not excessive crosslinking. 

Hence, glutaraldehyde (GA) vapor surface-crosslinking was utilized as a facile way to 

realize moderate confinement of PEG and maintain the porous structure, and finally 

achieved the tradeoff between form-stability and thermal performance of phase change 

membranes. In this work, PEG/PVA/CNTs composite membranes were prepared using 

uniaxial green electrospinning technology combined with surface crosslinking 

treatment. This novel concept of eco-friendly electrospinning exhibited marvelous 

potentiality to fabricate two-dimensional flexible phase change material for thermal 

regulation. 

 

2.2 Experimental section 

2.2.1 Materials 

Poly (vinyl alcohol) (PVA, n=3500, partially hydrolyzed), poly (ethylene glycol) 

(PEG, Mn=1000), glutaraldehyde (GA, 25% w/v), Hydrochloric acid solution (HCl) 

and ammonium hydroxide (NH3·H2O) were obtained from FUJIFILM Wake Pure 

Chemical Co., Ltd., Japan. Carboxylic carbon nanotubes (CNTs) were purchased from 

Nanjing Xinfeng Nano Material Technology Co., Ltd., China, and their length and 



35 
 

diameter were 10-20 μm and 10-30 nm, respectively. Distilled water was prepared by 

our laboratory. All these materials were used without any further treatments. 

2.2.2 Preparation of solutions for electrospinning 

PVA power were dissolved into absolute distilled water and stirred at 90 °C for 6 h 

to obtain 10 wt% aqueous solution. PVA/PEG solutions were obtained by adding PEG 

at different PVA/PEG mass ratios of 100/0, 70/30, 60/40, 50/50, 45/55, 40/60. Moreover, 

the PVA/PEG/CNTs spinning solutions were prepared with fixed PVA/PEG mass ratio 

of 45/55, and the concentration of CNTs kept a gradient rise (0, 0.5, 1, and 1.5 wt%) 

with respect to the PVA content. 

2.2.3 Fabrication of fibrous membranes by electrospinning 

Green fibrous membranes were constructed utilizing electrospinning machine 

assembled by our lab. The prepared solutions were poured into a plastic syringe with 

21G steel needles, which were pumped out at a constant velocity of 1 mL/h. The applied 

voltage was 12~15kV, and the distance between the needle tip and a grounded rotator 

was 15 cm. During spinning process, the temperature and relative humidity (RH) were 

controlled at 25 ± 3 °C and 30 ± 5 %, respectively. The obtained fibrous membranes 

with various PVA/PEG mass ratio were denoted as PCFy, where y present the mass 

ratio of PEG, and PVA/PEG/CNTs membranes were referred to as CxPCFy, where x is 

the content of CNTs. 

2.2.4 Surface crosslinking treatment 

A certain amount of GA aqueous solution was poured into a desiccant tank with a 

supporting mesh sieve, prepared nanofibrous membranes were placed on the upper 

portion in the sealed vessel at room temperature for 24 h. Due to the volatility of 

glutaraldehyde, acetal reaction performed in saturated vapor of GA. Therefore, 

hydrophilic groups of PVA and PEG reduced, and three-dimensional polymer network 

is constructed in intra-fibers and inter-fibers. Composite phase change nanofibrous 

membranes treated by crosslinking were defined as CCxPCFy. 

2.2.5 Characterization 

The surface morphology and structure features were determined using a scanning 

electron microscopy (SEM, JSM-6010LA, JEOL, Japan). Fiber diameters were 
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investigated by the software Image J, and at least 50 fibers were analyzed. The porous 

structure including pore size distribution, maximum pore diameter (Dmax), and mean 

pore diameter (Dmean) of nanofibrous membranes was determined via capillary flow 

porometer (CFP-1200AI, PMI, America). Porosity was examined by the liquid 

displacement method with hexane as testing liquid and was calculated as follows: 38  

Porosity= [(V1-V3)/ (V2-V3)] ×100%                        (1) 

Where V1 is the initial volume of hexane, V2 is the total volume of hexane after 

immersing the corresponding membrane, and V3 is the volume of residual hexane after 

removal of the membrane.   

The chemical structures of the composite fibers were examined using a Fourier-

transform infrared spectrophotometer (FTIR-6600, Jasco, Japan) over the wavenumber 

range of 400-4000 cm-1. The crystalline properties of prepared membranes were 

verified using an X-ray diffraction (XRD, MiniFlex300, Rigaku, Japan). The breaking 

tensile strength and elongation of nanofibrous membranes were characterized with a 

tensile tester (MCT-2150, A&D, Japan) at a speed of 10 mm/min. Thermal conductivity 

was evaluated using a thermal contact tester (KES-F7, Kato Tech, Japan). The 

temperature evolution was recorded by a thermocouple (KE331L, CHINO, Japan) and 

an infrared thermal imaging camera (Testo 875-2i, German). The thermal properties 

were further investigated by differential scanning calorimetry (DSCvesta, Rigaku, 

Japan) in nitrogen flow (50mL/min). The samples were heated or cooled between -10 

to 70 °C at a heating/cooling rate of 10 °C /min.  

 

2.3 Results and discussion 

2.3.1 Strategy of preparing ecofriendly phase change fibrous membranes 

The fabricating processes are schematically presented in Fig. 2-1. We designed the 

flexible thermal regulating fibrous membranes based on the following principles: (i) the 

electrospinning process should be green and ecofriendly without toxic solvent. (ii) the 

fibrous membranes should possess interconnected porous structure for allowance of air 

transmission. (iii) the obtained phase change nanofibers should have suitable phase 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/thermocouple
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change temperature and good stability in phase transition. In this work, the first criterion 

was achieved by the water solubility and biodegradability of PVA and PEG. Besides, 

the interconnected channels were constructed by electrospinning technology, and final 

flexible membranes were obtained. Furthermore, PEG1000 has an appropriate phase 

change temperature and high energy density. Most importantly, hydrogen bonding and 

chemical crosslinking endow the prepared phase change membranes with stable 

chemical structure to avoid leakage issue.  

 

Fig. 2-1. A schematic illustration of the preparation procedure of eco-friendly phase change 

nanofibrous membranes 

2.3.2 Morphology and structure characterizations 

Fig. 2-2 (a-f) showed the representative SEM images of PVA/PEG nanofibrous 

membranes, presenting porous structure with fibers oriented randomly, that could serve 

as interconnected pathways for air to transmit. The nanofibers in pristine PVA 

membranes displayed smooth and uniform fiber surface at a diameter of 0.41 μm. With 

the increasing content of PEG, the diameter of nanofiber obviously increased to 1.23 

μm (PCF55), ascribed to the enhanced concentration of spinning solution resulting from 

the addition of PEG. On the other hand, the membranes presented adhesion structures 

at the intersecting nanofibers with increasing the content of PEG, due to the incomplete 

evaporation of solvent, because the strong hydrogen bonding between PVA/PEG and 

solvent (water) suppressed the volatilization of water . 38 As Fig. 2-2 (f), when the mass 

ratio of PEG reached to 60 wt%, the membrane exhibited inferior morphology with 
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severe adhesion and large diameter deviation. Given the consideration of high thermal 

storage capacity, more PEG content should be contained, the maximum mass ratio of 

PEG was supposed as 55 wt% for optimal proportion. Subsequently, with the 

introduction of CNTs, the slightly reduced diameters of nanofibers were observed in 

Fig. 2-3 (a-c), ascribed to the enhanced conductivity of electrospinning solutions, which 

boosted the stretching effect of jet stream, leading to the formation of thin fibers. 40 

Simultaneously, extensive CNTs also resulted higher viscosity of the spinning solution, 

causing the fiber diameter to increase again. Additionally, the morphologies of the 

CC1PCF55 barely changed after the surface chemical crosslinking process, except for 

a slight increase in their average diameters (Fig. 2-4 (a, b)). As shown in Fig. 2-4 (c), 

C1PCF55 membranes possessed a fluffy structure with a thickness of 40.6 μm, after 

crosslinking or grafting reaction with glutaraldehyde, CC1PCF55 membranes displayed 

a compact structure with a thickness of 25.2 μm. Because the original loosely and 

randomly stacked fibers possessed a fluffy structure, then the crosslinking behavior 

produced lots of adhesive bonds connecting the adjacent fibers into a tight and dense 

structure, which caused a lower thickness of the resultant membrane. 

 

Fig. 2-2. SEM images of (a) PVA, (b) PCF30, (c) PCF40, (d) PCF50, (e) PCF55, (f) PCF60. 

 

Fig.2-3. SEM images of (a) C0.5 PCF55, (h) C1PCF55, (i) C1.5PCF55. 
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Fig.2-4. (a) SEM image of CC1PCF55 fibrous membrane, (b) Fiber diameter of prepared fibrous 

membranes. (c) Cross-sectional SEM images of C1PCF55 before and after surface crosslinking 

treatment. 

2.3.3 Mechanical properties  

Mechanical performance is a very critical property in practical application, because 

it is inevitable to be stretched for the fibrous membranes in service. The prepared 

CC1PCF55 membrane could be folded, curled and stretched from 25 mm to 92 mm 

without any breakage at room temperature, highlighting excellent flexibility and 

strength (Fig. 2-5 (a-f)). The flexibility of most reported composite flexible PCMs 

would drop sharply in crystalline state. 18,20 As shown in Fig. 2-5 (g), benefiting from 

the admirable high aspect ratio of the ultrafine fibers, the prepared fibrous membranes 

showed the favorable bending and twisting deformation at 5 °C, which is below the 

crystallization temperature of PEG (20.2 °C), as well as the ambient temperature of 

41°C which is above the melting point of PEG (39.8 °C). The remarkable foldability 

and flexibility in a wide temperature range capacitate them unique compatibility with 

the curved human body surface, which is promising in smart wearable textiles for 

individual thermal regulation. 
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Fig.2-5. (a-f) Optical images showing the flexibility of the CC1PCF55 membranes: it can be 

stretched, folded, curled without damage. (g) The reversible deformation and softness of 

CC1PCF55 membranes at 5 °C and 41 °C. 

 

Fig. 2-6 showed the tensile stress-strain curves of the obtained membranes, and it 

could be observed that the tensile property was affected dramatically by the components 

and structure of nanofibers. The ultimate strength and strain of the pure PVA membrane 

was measured as 3.72 MPa and 354%, respectively. While that for PCF55 was measured 

to be 2.48 MPa and 430%, respectively. It is obvious that the integration of PEG has 

negative effect on tensile strength of resultant composite membranes, which could be 

ascribed to the reduced entanglement between polymer molecular chains, due to the 

considerable short molecular chains of PEG compared to PVA. CNTs have been widely 

applied as one of the optimal reinforcing nanofillers, due to its low density, high 

strength, superior thermal conductivity, and thermal stability. Then the effect of CNTs 

content on mechanical properties of composite membranes has been investigated. As 

the proportion of CNTs increased to 1wt%, the breaking strength improved to 3.34 MPa 

with a high elongation of 346%, indicating that the strength loss due to the addition of 

PEG was compensated. Nevertheless, for the C1.5PCF55 membranes, the agglomeration 

of excessive CNTs resulted in a slight decline in tensile strength as well as breaking 

elongation. 41 Therefore, C1PCF55 membrane presented the best equilibrium between 
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heat storage capability and mechanical performance and it was selected for further 

crosslinking treatment. CC1PCF55 membrane exhibited improved breaking strength 

compared to C1PCF55 membrane. Because fibers in untreated membranes (C1PCF55) 

arranged randomly and overlapped with each other, which are prone to slide at lower 

tensile strength. 38 Benefiting from the numerous bonding joints among adjacent fibers, 

the tensile strength of CC1PCF55 membranes significantly increased to 3.45 MPa, and 

the elongation slightly decreased to 262 %, which still maintained favorable mechanical 

properties. 

 

Fig.2-6. Tensile stress–strain curves of the corresponding membranes. 

 

2.3.4 Breathable performance 

Air permeability is a crucial property for wearing comfort of PTM textile, The unique 

open nano-micro channels of fibrous membranes by electrospinning technology 

allowed air to penetrate effectively. Therefore, we evaluated the porous structure of 

phase change membranes and investigated the impacts of crosslinking treatment on 

porous morphology. After surface crosslinking, the porous structure exhibited a left 

shift of pore size distribution and a slightly reduction of porosity, indicating that the 

porous structure was well reserved (Fig.2-7 (a, b)). In addition, to evaluate the air 

permeability of CC1PCF55 membrane, a glass bottle containing HCl was covered by 

the composite membrane, then another uncovered glass bottle with NH3⋅H2O was 

moved close to it. A large amount of white smoke emerged instantly, confirming the 

excellent breathable properties of the phase change membranes after crosslinking 
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treatment (Fig.2-7 (c)). 

 

Fig.2-7. (a, b) The porosity and pore size distribution of the corresponding membranes. (c) 

Breathability confirmation. 

 

2.3.5 Water resistance properties  

In general, glutaraldehyde vapor was introduced as a crosslinking agent to enhance 

the mechanical properties of membranes, the active aldehyde groups at both ends of 

glutaraldehyde can react with the hydroxyl groups from PEG and PVA under moderate 

conditions. Crosslinking post treatment can also prevent membranes from swelling and 

deformation when contact with water. 38,39,42 As shown in Fig. 2-8 (a), the color of the 

composite membrane changed from grey to black when exposed to water due to the 

existence of CNTs, and after water immersion for 6 h, the membrane remained the 

previous morphology, confirming the transform from water-solubility to hydro stability. 

FT-IR measurements (Fig. 2-8 (b)) indeed confirmed the acetal reaction occurred. The 

characteristic absorption peak at 3408 cm-1 is assigned to the stretching vibration of -

OH groups. The peaks observed at 948 and 2878 cm-1 are ascribed to the typical 

stretching vibrations of -CH2 groups, and the peak at 1458 cm-1 correspond to the 

bending vibration of -CH2 groups. Meanwhile, the peaks at about 1250 and 1103 cm-1 

are attributed to the C-O stretching vibration. It can be seen that the absorption peak of 

-OH (3408 cm-1) became weaker and the band of C-O-C (around 1103 cm-1) became 

stronger after vapor crosslinking, demonstrating that the acetal crosslinking reaction 

was successfully conducted. 
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Fig.2-8. (a) Optical images of CC1PCF55 membranes immersed in water for 6 h. (b) FT-IR 

spectrum of C1PCF55 and CC1PCF55 membranes. 

 

2.3.6 Thermal behavior and properties 

2.3.6.1 Thermal conductivity 

The thermal conductivity is one of the crucial properties of PCMs, because high 

thermal conductivity facilitates energy conversion in phase transition. As Fig. 2-9 

presented, the thermal conductivity of C1.5PCF55 was increased by 40.4% compared to 

that of PCF55, it indicated that thermal conductivity of composite membranes can be 

improved by integration of a small amount of CNTs. The enhanced thermal 

conductivity is attributed to the heat transfer “bridges” conducted with CNTs, which 

provide thermal conduction channels for composite phase change membranes. 43-45 On 

the other hand, the intrinsic fluffy and porous structure of the fibrous membranes may 

be a vital factor that restrict the improvement of thermal conductivity of the prepared 

phase change composite membranes. After crosslinking, the thermal conductivity of 

CC1PCF55 increased to 0.06492 W/m·K, higher than the untreated one (C1PCF55). 

Because the crosslinking treatment connected the adjacent fibers and constructed more 

heat transfer networks. Besides, the denser structure after crosslinking contained less 

still air which is poor conductor for heat transmission. 
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Fig.2-9. Thermal conductivity of corresponding membranes. 

 

2.3.6.2 Phase transition performance and thermal stability 

The crystalline behavior was further investigated by the XRD technique, Fig. 2-10 

(a) showed the XRD patterns of PEG, C1PCF55, CC1PCF55. Two strong and sharp 

diffraction peaks of pristine PEG around 19.2° and 23.4° are corresponding to the lattice 

planes of (120) and (132), 32 respectively, indicating the good crystalline properties 

resulted from linear and symmetric polyether chain, where inter-molecular bonds are 

prone to be formed and broken during the reversible phase transition. The XRD pattern 

of the C1PCF55, CC1PCF55 exhibits two diffraction peaks at the same location with 

pure PEG, confirming that PEG worked as a functional component after integrated into 

fibrous membranes. However, the weaker diffraction peak intensity indicates reduced 

crystallization of composite nanofiber owing to the restriction of hydrogen bonding and 

surface covalent crosslinking interaction, which is potential to restrict the PEG segment 

from changing into liquid and exhibit a macroscopic solid-solid transition phenomenon. 

It can also be illustrated in Fig. 2-10 (b), The phase change behavior of PEG is bound 

in the framework of PVA. Due to the steric hindrance effect, the free movement of PEG 

was restricted, which decreased the phase change enthalpy of samples. On the other 

hand, sacrificing a part of phase change enthalpy ensured the shape stability in phase 

change transition process. 
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Fig.2-10. (a) XRD patterns of PEG, C1PCF55, CC1PCF55. (b) The schematic of reversible phase 

change mechanism of prepared membranes. 

 

The shape stability was evaluated by placing pure PEG and CC1PCF55 membrane 

on a hot plate at 50 °C and the variation of samples was monitored in the process of 

leaking test (Fig. 2-11).  After being heated, the white PEG gradually transfers to 

transparency, and subsequently, melted and flowed after 15 minutes. While CC1PCF55 

can maintain its original shape without any leakage trace found during the entire heating 

process. The form-stable ability is attributed to the hydrogen bonds and covalent 

strength between PEG and polymer framework, which provides abundant physical or 

chemical effect to prevent the fluidity. 31 It is understandable that the PEG chains are 

cross-linked in PVA/CNTs matrix and constructed a three-dimensional and cross-linked 

network by the acetal joints. Therefore, the facile prepared fibrous membranes are 

potential to be employed in thermal management, not only in personal textile thermal 

management, but also in electric device thermal controlling system, such as buffering 

the temperature rise of battery or working as the thermal protective media for another 

flexible electron device. 

 

Fig.2-11. Shape stability of PEG and CC1PCF55 on a hot plate at 50 °C.  

 

2.3.6.3 Phase change temperature and thermal storage capacity 
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Phase transition behavior is of crucial importance in the perspective of the actual 

thermal management application. Phase change temperature and thermal energy storage 

capacity of the membranes integrated with different content of CNTs was investigated 

by DSC test. As shown in Fig. 2-12 (a, b), PEG and all composite membranes exhibited 

the same characteristic curve with two endothermic/exothermic peaks in the heating 

and cooling period, ascribed to the reversible phase transition. The exothermic peak of 

PEG is attributed to the homogeneously nucleate crystallization, indicating the liquid-

solid phase transition. The endothermic peak of PEG is corresponded to the phase 

change from ordered crystalline phase to disordered amorphous state, representing the 

solid-liquid transition. The melting/freezing temperatures (Tm/Tc) and melting/freezing 

latent heat (ΔHm/ΔHc) were measured to be 39.8/20.2 °C and 136.1/133.3 J/g for pure 

PEG, respectively. Melting/freezing latent heat represent the released/absorbed energy 

in heating/cooling process, which could intuitively reflect the bidirectional thermal 

regulation capabilities. 

The DSC curve of composite membranes demonstrated their admirable thermal 

enthalpy and appropriate melting/freezing points around the range of the human 

comfortable temperature, which endowed the fibrous membranes with energy 

storing/releasing performance for active and reversible thermoregulation. However, 

melting/freezing latent heat of all the resulted phase change membranes are lower than 

pure PEG, because only PEG in composite fibers is responsible for phase transition in 

the temperature range. The introduction of PVA and CNTs reduced the mass proportion 

of PEG, and the content of PEG was limited by its weak spinnability, while PVA served 

as a template polymer.  
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Fig. 2-12. Phase change behaviors of prepared composite membranes. DSC curves of PEG and 

corresponding phase change membranes in (a) heating process and (b) cooling process. (c) 

Melting/freezing temperatures (Tm/Tc) and melting/freezing latent heat of PEG and composite 

membranes. (d) DSC heating and cooling curves of CC1PCF55 membrane with cycling of 2, 20, 50 

times. 

 

As shown in Fig. 2-12 (c), the melting/freezing enthalpies of composite membranes 

were improved gradually as the CNTs content increased to 1 wt%, that because CNTs 

served as a heterogeneous nucleation agent which facilitated the phase transition of 

PEG. 38 Besides, the melting/freezing enthalpies presented a slight decline as the CNTs 

content reached to 1.5 wt%, because too much CNTs might hinder the movement of 

PEG and restricted them from growing up as larger crystals. 43 Furthermore, 

supercooling degree is a significant parameter that should be considered in practical 

applications. Supercooling extent (ΔT) was calculated from the difference between the 

melting and crystallization temperatures (ΔT=Tm-Tc). 
26 The composite membranes 

displayed a less supercooling degree, resulting from the up shift of cooling temperature 
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compared to pure PEG. The potential reasons may be summarized as follows: 1) PVA 

skeleton and CNTs filler afford rich sites for the heterogenous nucleation of PEG. 2) 

CNTs constructed thermal conductive bridges to facilitate heat transfer. These factors 

resulted in a decreased nucleation barrier that PEG was required to overcome to form 

stable nucleus, therefore crystallization temperature shifted to a higher temperature, 

generating a reduced supercooling extent. 

The actual melting/freezing enthalpies of C1PCF55 and CC1PCF55 are 68.7 J/g, 63.2 

J/g and 60.1 J/g, 59.1 J/g, which were slightly below their theoretical enthalpy (74.9 J/g, 

73.3 J/g) calculated from the weight ratio of PEG (55 wt%) in electrospinning solution. 

The reduction of thermal enthalpy may be ascribed to the insufficient time for PEG to 

form highly ordered and well aligned crystalline architecture in solvent evaporation of 

electrospinning. 40 Apart from this, the free movement of the PEG segment is sterically 

confined within the PVA network owing to the hydrogen bond between polar groups of 

PVA and PEG, as well as the covalent crosslinking by acetal junctions, resulting in the 

depressed crystallization degree of PEG ultimately.  

 

Tab. 2-1. Melting enthalpy and temperature of previous phase change fibers 

PCFs Solvents Tm (°C) ΔHm (J/g) Reference 

PMMA@PW Toluene/DMF 47.0 58.2  46 

PS/CP/CS DMF 24.7 53.7  47 

PAN/PEG1500/CNTs DCM/TFA 46.2 44.0  48 

PET/PTA/CNTs TFA/DCM 30.4 47.0  41 

PA6/PEG1000/ TiO2 Formic acid 36.6 51.1  49 

PVDF/PVB@ octadecane Acetone/DMAc 29.0 62.7  50 

PU@PEG6000 DMF/THF 53.9 60.4  51 

PHBV/PEG10000 DMF 57.6 62.8  52 

PVP/PEG/Al2O3 

Silk/n-octadecane 

Ethanol 

Water 

47.4 

23.0 

54.3 

40.7 

 53 

 54 

PVA/PEG1000/CNTs Water 38.9 60.1 This work 
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ΔHm: melting enthalpy, PMMA: polymethyl methacrylate, PW: paraffin wax, PS: polystyrene, CP: 

capric-palmitic acid, CS: capric-stearic acid, PAN: polyacrylonitrile, PET: polyethylene 

terephthalate, PTA: poly(tetradecyl acrylate), TFA: trifluoroacetic acid, DCM: dichloromethane, 

PA6: polyamide 6, PVDF: poly(vinylidene fluoride), PVB: poly(vinyl butyral), PU: polyurethane, 

PHBV: poly(3-hydroxybutyrate-co-3-hydroxy valerate), PVP: polyvinyl pyrrolidone.  

 

For comprehensively understanding of the advantage of PVA/PEG/CNT nanofibrous 

membranes prepared in this work, the solvents of precursor solution, melting 

temperature and thermal energy storage properties by electrospinning in previous 

reports were compared, as presented in Table 2-1. Obviously, most majority of 

previously literatures utilized organic solution electrospinning to fabricate continuous 

nanofibers, such as DMF, DMAc and acetone. Only a few groups have contributed 

effort to develop green nanofibrous phase change membranes. Moreover, the latent heat 

in this work is comparable with the one based on organic electrospinning solution, but 

the distilled water is much cheaper than organic solvent. It should also be noted that the 

phase change temperature range of CC1PCF55 (26.9 °C to 38.9 °C) approach the daily 

surrounding temperature and threshold temperature for human comfort. In the virtue of 

the appropriate phase change temperature, considerable thermal energy storage density 

and sustainable characteristic, the composite membranes in our work are irreplaceable 

in low temperature thermal management field, especially in personal thermal 

management. 

2.3.6.4 Cycle test 

To investigate the stability of the phase change membranes, heating/cooling cycles 

of CC1PCF55 were conducted in a thermostatic oven between 20 °C and 50 °C. The 

phase change performance of the CC1PCF55 was investigated by DSC after 2, 20, 50 

cycles. It is observed in Fig. 2-12 (d), the phase change temperature of CC1PCF55 kept 

almost unchanged in heating and cooling process after 50 cycles. The original melting 

phase change enthalpy is 60.1 J/g, which is changed to 58.2 J/g after 50 cycles, just 

about 3.2% lower than the initial value. And the crystallization enthalpy slightly 

changed from 59.1 J/g to 58.0 J/g. These results demonstrated that the composite 
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membranes had a good thermal cycle performance assigned to the crosslinking polymer 

skeleton, which confirmed its potential in the application of personal thermal 

management. 

2.3.6.5 Thermal regulation behavior 

The high phase change enthalpy and appropriate phase change temperature impart 

electrospun composite fibrous membranes with admirable thermal regulation properties. 

An IR camera and a thermocouple were employed to record the temperature evaluation 

of CC1PCF55 as well as the pure PVA membrane as a control. PVA and CC1PCF55 

were exposed in a simulated exterior environment at the temperature of 20 °C and 50 °C. 

Fig. 2-13 (a, b) described the infrared thermal images of samples in heating and cooling 

process. PVA membranes showed a rapid color change from blue to red under the 

heating process and opposite color evolution under cooling process. While the phase 

change membranes displayed a slower color variation indicating a delayed thermal 

response at the same heating and cooling stages. Fig. 2-13 (c, d) showed surface 

temperature curve. It is found that the temperature curve of PVA showed a distinct sharp 

increasing and a decline trend before thermal equilibrium. While temperature evolution 

of CC1PCF55 undergo three stages. In the first stage, temperature rise rapidly. Then an 

obvious “platform” appears near the melting point indicating a large amount of latent 

heat absorbed. Subsequently, the temperatures rise rapidly again, revealing that the 

phase transition have completed. Similarly, a temperature “platform” appeared near the 

crystalizing zone during the cooling stage, indicating the release of latent heat. These 

results confirmed the effective thermal regulation capability of the phase change 

membranes and verified their great potential in thermal management field, such as 

temperature controlling of textiles, batteries, buildings, and so on. 
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Fig. 2-13. Representative thermal images of PVA and CC1PCF55 membrane recorded by IR camera 

in (a) heating and (b) cooling process. Temperature evolution plots of corresponding membranes in 

(c) heating and (d) cooling process. 

 

2.4 Conclusion 

In summary, we presented a green strategy to construct an eco-friendly and 

degradable micro-nanofibrous membranes with responsive reversal thermal regulation 

properties via electrospinning and surface crosslinking. Biocompatible and 

biodegradable polymer PVA and PEG were employed as supporting matrix and 

functional component, respectively, and toxic organic solvent were excepted from 

electrospinning process, therefore, the issue of poisonous solvent residue or recovery 

challenges were also avoided. Subsequently, glutaraldehyde vapor was grafted or 

crosslinked on the surface of ultrafine fibers to block hydrophilic groups. The mass 

ratio of PEG can reach to 55 wt% and realized an optimal melting/freezing enthalpy of 

60.1/59.1 J/g, which is comparable to these of toxic solvent-based electrospun 

membranes. Furthermore, high conductive CNTs were integrated into composite fibers 

to enhance thermal conductivity by 40.4% than the blank one. Besides, the phase 

change fibrous membranes possessed excellent tensile elongation of 262%, overcoming 

the intrinsic brittleness of traditional PCMs, and exhibited remarkable shape 
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tailorability and foldability. Considering the favorable flexibility, breathability and 

reasonable phase change enthalpy, the resultant phase change fibrous membranes 

exhibit great potential for further application such as personal thermal management 

textile and thermal-regulated electric system. 
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Chapter 3: A tri-mode thermoregulatory flexible fibrous 

membrane designed with hierarchical core-sheath fiber 

structure for wearable personal thermal management 

3.1 Introduction 

Maintaining the constant temperature of the human body is pivotal for humans’ 

thermal comfort and proper functioning.1-2 However, current strategies for controlling 

indoor temperatures, such as air conditioning, ventilation, or fuel heating, consume a 

considerable amount of energy and contribute to aggravating the greenhouse effect.3-5 

Meanwhile, outdoor space, which is an inevitable part for indispensable physical and 

production activities, always has lacked an implementable approach for realizing 

thermal management, due to the tremendous open space and fluctuating ambient 

temperature.6 Emerging textiles designed for personal thermal management (PTM) can 

manage the temperature of a localized region around the human body directly to satisfy 

the individual thermal requirement, which appears to be sustainable and economical for 

mitigating energy crises, and their applications could be extended in both indoor and 

outdoor scenarios.7   

Some people work in air-conditioned rooms and some work in harsh environments 

such as cold storage, ice rinks, and hot workshops, so they must make the transition at 

different temperatures from time to time each day. Such frequent changes from normal 

temperatures to significantly higher or lower temperatures cause discomfort and it can 

result in illness.8 Phase change materials (PCMs) capable of absorbing and releasing 

heat energy are attractive for maintaining a constant temperature in the PTM field. 

However, the inherently solid rigidity and liquid leakage of PCMs hinder their 

applications in the wearable thermal regulation field.9-12 Numerous form-stable 

strategies have been committed to improving the packaging efficiency of PCMs, such 

as the 3D aerogel network,13-15 the polymer-cross-linked skeleton,16-18 

microencapsulation,19-21 and others. The aforementioned methods based on capillary 

absorption in porous structure still remain leakage threats at high temperature, and the 
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other methods that depend on covalent crosslinking are prone to constrain the 

movement of molecular chains between amorphous and crystalline phases extensively, 

leading to deteriorated heat enthalpy of PCM composites. In addition, the synthesis 

method for phase change microcapsules is complex and costly. In addition to form-

stability, flexibility also is required for phase change composites to fit the curved 

surface of the human body in wearable applications. Coaxial electrospinning has been 

explored to produce core-sheath structured phase change fibers. In this process the 

PCMs are encapsulated in the center of the fiber to solve the leakage issue.22-25 

Additionally, the high aspect ratio of the ultrafine fibers endows the prepared composite 

membranes with favorable flexibility. Most importantly, the large specific surfaces of 

the fibrous membrane provide a platform for functionalized surface modifications. It is 

highly desirable to integrate multiple functions into textiles.26 Since the single-mode 

thermal regulation based on PCMs hardly can cope with the multi-functional demand 

for longtime and large temperature range management, multi-mode and more precise 

thermal regulation textiles are in demand.6,7,27 Recently, multi-source driven heating 

has attracted significant attention. Solar energy, as an inexhaustible and clean natural 

energy resource, has played a vital role in various solar-thermal conversion fields. 

Combining photo-responsive materials with PCMs has the potential to boost energy 

storage and facilitate continuous heating behavior based on sunlight.28-30 Furthermore, 

electro-driven heating has been demonstrated as a compensatory option for further 

expanding the application scenarios, especially in cloudy, rainy conditions or indoor 

space.7,31-33  

Herein, we proposed an approach for all-day individual thermal management through 

integrating the reversible phase change property, sustainable solar-heating, and 

complementary Joule heating into one wearable thermoregulatory textile. Specifically, 

we designed a hierarchical core-sheath structure composed of PCMs, solar absorbers, 

and conductive polymers to create a tri-mode thermal management system. The 

multicore-sheath structure assured the effective encapsulation of paraffin wax (PW), 

resulting in an admirable thermal storage capability (106.86 J/g). Meanwhile, the 

membrane-based textile proposes favorable solar heating (70.5 °C, 1 sun) and Joule 
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heating (73.8 °C, 4.2 V) effects, owing to the synergistic photothermal performance 

between carbon nanotubes (CNTs), polydopamine (PDA) and poly(3,4-

ethylenedioxythiophene): polystyrenesulfonate (PEDOT:PSS) as well as the intrinsic 

high conductivity of PEDOT:PSS. Thanks to the well-designed multicore-shell 

structure which enables the cooperation of various functional components, the proposed 

membrane is imparted with an on-demand multi-mode thermal regulation function 

which allows it to adapt to the environmental temperature changes. 

 

3.2 Experimental section 

3.2.1 Materials 

Polyurethane (PU, Mw = 110000, Sigma-Aldrich, USA), paraffine wax (PW, Yijiu 

Chem., China), Carboxylic carbon nanotubes (CNTs, XFNANO, China) and 

PEDOT:PSS (Clevios PH1000) were used as received without further purification. N, 

N-dimethylformamide (DMF), tetrahydrofuran (THF), dopamine hydrochloride (DA, 

98%), tris(hydroxymethyl) aminomethane hydrochloride (Tris, 99%), 4-

dodecylbenzenesulfonic acid and ethylene glycol (EG) were purchased from 

FUJIFILM Wako, Japan.  

3.2.2 Preparation of PU@PW membranes  

The PU@PW membrane was fabricated by coaxial electrospinning. Briefly, PU was 

dissolved in DMF/THF (50 wt%/50 wt%) for sheath precursor solution, and the core 

solution was prepared by dissolve melting PW in kerosene (80 wt%). The sheath and 

core solutions were injected into a dual-needle with outer and inner needles at 17 and 

25 gauge, respectively. The applied voltage was 15 kV, and the distance between the 

needle and the collector was 15 cm. The relative humidity and temperature were 

controlled at 40 ± 5 % and 30 ± 3 °C, respectively, during the spinning process. The 

sheath solution was pumped at a constant rate of 1 mL/h, and the core feed rate was 

controlled as 0.3, 0.4, 0.5, and 0.6 mL/h. Accordingly, the fabricated PU@PW 

membranes were denoted as PU@PW1, PU@PW2, PU@PW3, and PU@PW4. 

3.2.3 Preparation of the CPU@PW, DPU@PW, and EPU@PW membranes  
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The PU@PW4 membrane was selected for further treatment. A certain amount of CNTs 

was dispersed in a water/ethanol blend solution (20/80 V/V) at a concentration of 1 

mg/mL, and PU@PW4 was immersed in the CNTs suspension and sonicated for 30 

min. The prepared membrane was marked as CPU@PW. Next, CPU@PW was 

immersed in Tris aqueous solution of DA (2 mg/ mL, pH = 8.5) for 24 h. The prepared 

membrane after PDA decoration was referred to DPU@PW. Subsequently, DPU@PW 

was dipped in a PEDOT:PSS solution (prepared by mixing 9.5 g PEDOT:PSS, 0.5 g 

EG, and 0.1 g 4-dodecylbenzenesulfonic acid) and dried at ambient condition. This 

process was repeated three times to prepare the final EPU@PW membrane. 

3.2.4 Characterization 

The surface morphology and structure features were observed using a scanning 

electron microscopy (SEM, JSM-6010LA, JEOL, Japan) and transmission electron 

microscopy (TEM, JEM-2010, Japan). The Fourier-transform infrared 

spectrophotometer (FTIR-6600, Jasco, Japan), X-ray diffraction (XRD, MiniFlex300, 

Rigaku, Japan) and X-ray photoelectron spectroscopy (AXIS-ULTRA HSA SV, Japan) 

were employed to characterize the chemical composition of the prepared membranes. 

The temperature evolution was recorded by a thermocouple (KE331L, CHINO, Japan) 

and an infrared thermal imaging camera (Testo 875-2i, German). Differential scanning 

calorimetry (Thermo plus EVO2 DSCvesta, Rigaku, Japan) was carried out to 

characterize the heat storage capacity at a heating/cooling rate of 10 °C /min under N2 

atmosphere (Flow rate = 50 mL/min). Water contact angle was measured by a contact 

angle measuring instrument (DM400, Kyowa, Japan). The light absorptivity was 

measured by an ultraviolet-visible-near infrared spectrophotometer (UV-3600, 

Shimadzu Ltd., Japan).  

3.2.5 Calculations for photothermal energy storage efficiency 

The light-to-thermal conversion testing was implemented with a xenon lamp (XES-

40S3-TT, Japan) with an AM 1.5 filter as light sources, a thermocouple cooperated with 

a data collector was carried out to record the temperature variation process of the 

prepared membranes every 0.1 s. The photothermal conversion and storage efficiency 
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(ηPT) of composite membranes was calculated as the following equation: 

   𝜂𝑃𝑇 =
𝑚∙∆𝐻𝑚

𝐴∙𝑝∙𝑡
                                    (1) 

where m is the mass (g) of the composite membranes, ΔHm is the phase change 

enthalpy(J/g) obtained from DSC test, A is the irradiated surface aera (cm2) of the tested 

membrane, p is the power (mW/cm2) of irradiation light, t is the time (s) of light-driven 

phase change period. 

3.2.6 Calculations for electrothermal energy storage efficiency 

The electrothermal energy conversion and storage experiment was carried out by a 

DC power. The electrothermal conversion and storage efficiency (ηET) of composite 

membranes was evaluated as the following equation: 

𝜂𝐸𝑇 =
𝑚∙∆𝐻𝑚

𝑈∙𝐼∙𝑡
                                                        (2) 

where m is the mass (g) of the composite membranes, ΔHm is the phase change 

enthalpy(J/g), U is the applied voltage (V) of the tested membrane, I is the current (A), 

t is the time (s) of electro-driven phase change period. 

 

3.3 Results and discussion  

3.3.1 Fabrication and characterization of tri-mode thermoregulatory nonwoven 

textile  

Fig. 3-1a shows the procedure for producing fibrous membranes with the hierarchical 

fiber structure. The multicore-shell fiber is composed of the internal core PW, 

intermediate protective and supportive elastic shell polyurethane (PU) and external 

solar-responsive multilayers of CNTs, PDA, and PEDOT:PSS, where PEDOT:PSS also 

serves as a conductive layer. This delicate hierarchical structure is achieved by coaxial 

electrospinning (Fig.3-1b) and three-step surface modification, including 

ultrasonication assisted decoration, in-situ polymerization, and dip-coating process. 

The mechanism for the decoration of the CNTs onto the surface of the PU shell has 

been explained in previous works.34 The large amount of heat generated by the 

ultrasonication make the fiber sheath (PU) melt and viscous, and the uniformly 
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dissipated CNTs with huge kinetic energy hit and in-situ assemble on the surface of PU. 

Notably, the hydrogen bonding and the π-π stacking between the CNTs and the 

PU facilitate the decoration process and contribute for a strong interfacial 

interaction. The main advantages of the ultrasonication assisted decoration of CNTs on 

the PU shell can be concluded as: 1) realize a sufficient, uniform loading of CNTs. 2) 

remain the shape of individual fibers and the porous structure of membranes, and 3) 

increase surface roughness, beneficial for the adhesion of PDA.35 PDA has been used 

extensively in functionalized surface modification due to its “green” feature and 

adhesive ability for almost every substrate.36 PDA is formed by the self-polymerization 

of dopamine monomers and attached to the CNTs firmly, via π-π stacking or hydrogen 

bonding with carboxyl on the surfaces of the CNTs.37 Subsequently, the fiber surface 

converts from hydrophobic to hydrophilic, which is beneficial to the next dip-coating 

process of the PEDOT:PSS. It is worth noting that PDA also is a photothermal 

therapeutic agent with broadband absorbability.36 PEDOT:PSS is an extensively 

explored highly conductive polymer as well as an effective photothermal absorbent.38 

The hydrophilic surface of the fiber wrapped by PDA is ideal for PEDOT:PSS aqueous 

dispersion intimacy wetting. In addition, both PDA and PEDOT:PSS contain aromatic 

heterocycles and numerous functional groups, which form various intermolecular 

interactions, such as π−π stacking, and hydrogen bonds, consequently realizing an 

interfacial reinforcement.39, 40 In short, the in situ polymerized PDA layer has a 

quadruple effect that: 1) acts as a protective shell to resist PW from leaking and prevent 

CNTs from falling off; 2) serves as a light harvesting agent for improving the light-

thermal conversion; 3) works as a versatile platform for anchoring the PEDOT:PSS on 

the fiber surface. 4) conducts hydrophilic modification to improve the wettability of the 

membrane. In brief, we used a systematic, layer-by-layer strategy to fabricate a 

multifunctional integrated fibrous membrane with triple thermal regulation routes 

including reversible phase change heating/cooling (Fig. 3-1c), solar heating (Fig. 3-1d) 

and Joule heating (Fig. 3-1e). Fig.3-1f illustrates in detail the multi-interfacial 

interactions (hydrogen bonding and π−π interaction) between each layer. The resultant 

robust hierarchical core-shell structure enabled the cooperation of the various 

javascript:;
https://www.sciencedirect.com/topics/chemical-engineering/polyurethane
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functional materials. 

 

 

Fig. 3-1. Schematic illustrations of (a) fabrication process of the hierarchical core-sheath 

constructed fibers, (b) coaxial electrospinning, (c) reversible phase change process of core material, 

(d) solar heating effect, (e) Joule heating effect, (f) various interfacial interaction. 

 

A series of PU@PW phase change membranes were conducted with coaxial 

electrospinning technology. Their micro morphology is observed in Fig. 3-2 (a-d). As 

the core feed rate increased gradually, the fibers demonstrated a larger average diameter 

and deviation (Fig. 3-2 (i-l)), suggesting a gradual trend toward heterogeneity. When 

the core feed rate was increased to 0.6 mL/h, the resultant fibers had a slightly “beads-

on-a-string” morphology, but the core content can still be encapsulated. As shown in 

the TEM images of Fig.3-2 (e-h), the PW is completely encapsulated by the elastic PU 

sheath, forming an ideal core-shell structure. It is predicted that the higher core feed 

rate could induce a higher encapsulation mass of PW, while the Rayleigh instability 

restricts the maximum core flow rate. Considering the effective encapsulation of the 

core content, 0.6 mL/h was set as the maximum core speed in our work. 
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Fig.  3-2. Characterizations and properties of PU@PWs. (a-d) SEM images of PU@PW1, 

PU@PW2, PU@PW3, and PU@PW4. (e-h) TEM images of PU@PW1, PU@PW2, PU@PW3 and 

PU@PW4. (i-l) Fiber diameters of membranes  

 

The chemical structures of the PU@PW membranes were characterized by Fourier 

transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD). As presented in 

Fig. 3-3a, the characteristic peaks of PU were observed in the FTIR spectra of all 

PU@PW specimens. The series of absorption peaks at 2960, 2914, 2846, 1468, and 716 

cm−1 (vibrations of −CH) were reported to be the typical characteristic bands of PW,41 

which also are exhibited in the infrared spectra of PU@PWs. Since no new peaks 

appeared, it was suggested that the core-shell structure of PU@PWs is only a physical 

combination. Additionally, the intensities of the characteristic peaks of PW increased 

gradually from PU@PW1 to PU@PW4, which is corresponding to the larger loading 

content of PW with an increasing feed speed rate of the core. Meanwhile, since the PU 

is amorphous, the diffraction peaks in the XRD pattern for PU@PW4 were ascribed to 

the crystalline PW (Fig. 3-3b). The phase change behavior of PW and PU@PWs were 

evaluated by differential canning calorimetry (DSC) in Fig.3-3c. Pure PW shows the 

melting temperature in the range of 20 − 38 °C with a melting enthalpy (ΔHm) of 203.50 

J/g and the crystallization temperature in the range of 12 − 26 °C with a crystallizing 

enthalpy (ΔHc) of 203.69 J/g. The DSC curves of PU@PW composites with different 

core feed speed rates exhibit exothermic and endothermic signals at a temperature 
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region similar to that of pure PW. The amount of PW and the latent heat of PU@PW 

membranes are tunable through controlling the core feed speed rate. As shown in Fig.3-

3d the melting and crystallizing enthalpy of the PU@PW membranes increased from 

83.96 to 120.46 J/g (20 − 35 °C) and from 86.56 to 119.76 J/g (14 − 26 °C) respectively, 

with the core feed speed rate increasing from 0.3 to 0.6 mL/h. The outstanding heat-

storage density and the appropriate phase change temperature are the vital prerequisites 

for wearable personal thermal regulation.  

 

Fig. 3-3. (a) FTIR spectra of PU, PW and PU@PWs. (b) XRD patterns of pure PW, PU@PW4 

membrane and PU membrane. (c) DSC curves of pure PW and PU@PWs. (d) Melting and freezing 

enthalpies of PW and PU@PWs.   

 

Considering the high thermal enthalpy of the PU@PW4 membrane, it was selected 

as the phase change substrate for further functionalization. Unless stated, PU@PW is 

referred to PU@PW4 in the following. Fig. 3-4 (a-d) show the digital graphs of the 

series of decorated phase change membranes. After the introduction of CNTs, the 

membrane changes from white (PU@PW) to dark grey (CPU@PW). Then, the color 
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turns dark brown (DPU@PW) through the modification of PDA, and the membrane’s 

color eventually becomes dark (EPU@PW) after the dip-coating of PEDOT:PSS. This 

apparent color evolution demonstrates a successful orderly surface decoration. The 

representative SEM images of the PU@PW, CPU@PW, DPU@PW, and EPU@PW 

membranes are shown in Fig. 3-4 (e1, e2 − h1, h2). In contrast to the smooth surface of 

PU@PW, CPU@PW shows a rough surface in the presence of the hair-like CNTs 

embedded on the surface of the PU shell (Figure 3f2). Subsequently, PDA nanoparticles 

are deposited and grown into nanoclusters that wrap around the fiber surface, and they 

are buried in the outside layer of PEDOT:PSS eventually, forming a slightly crumpled 

surface (Figures 3g2, h2). The EDX elemental mapping images (Fig.3-5) present the 

homogenous elemental distribution of S on the fiber surface, which further verifies the 

uniformity of the PEDOT:PSS coating layer. In addition, the membranes were cut to 

observe their cross-sectional morphologies (Fig.3-6 (a-h)). The cross sections of the 

fibers at the incision present a hollow cylinder structure, because of the flow of the core 

fluid. The ordered modifications led to a series of surface evolutions, with the smooth 

surface of the PU shell being progressively modified by hairy CNTs, PDA nanoclusters, 

and PEDOT:PSS coatings. The EDS maps confirmed the successful coating treatment 

of PEDOT:PSS (Fig.3-6 (i-j)).  

 

Fig. 3-4. Digital photographs of (a) PU@PW, (b) CPU@PW, (c) DPU@PW, and (d) EPU@PW. 

SEM images of (e1) PU@PW, (f1) CPU@PW, (g1) DPU@PW, and (h1) EPU@PW. (e2-h2) The 
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enlarged images show the step-by-step modification of the fiber surface. EDX spectrum 

 

 

Fig. 3-5. (a) SEM image of EPU@PW. (b) Corresponding EDX spectrum and (c-f) element mapping 

images. 

 

 

Fig. 3-6. SEM images of the cross-sectional morphologies of (a, e) PU@PW, (b, f) CPU@PW, (c, 

g) DPU@PW, and (d, h) EPU@PW with low and high magnification, respectively. (i-j) EDS 

mapping images of EPU@PW. 

 

The digital picture (Fig.3-7a) shows the excellent flexibility and tailorability of 

EPU@PW membranes, and it reveals a decent mechanical performance for practical 

application. The typical breaking stress- strain curves of a series of prepared membranes 
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are displayed in Fig.3-7b. Coaxial spinning is a feasible approach to balance mechanical 

performance between the core and the sheath components.42-43 Benefiting from the 

excellent flexibility and resilience of PU sheath, the PU@PW membrane exhibits a 

tensile strength of 3.75 MPa with the elongation of 323 %. With the orderly decoration 

of CNT, PDA, and PEDOT:PSS, the additional adhesive layers promote the tensile 

strength to 5.07 MPa with a slightly decreased elongation of 264 %. Because the multi-

layers can glue nanofibers together to enhance the interconnection within the membrane.  

 

Fig. 3-7. (a) Digital photographs of EPU@PW in the bending state and different shapes. (b) Tensile 

stress−strain curves of the prepared membranes.  

 

The FTIR spectra of CPU@PW and PU@PW did not exhibit any obvious change 

except for a blue shift from 3331 cm−1 to 3328 cm−1, which is ascribed to the hydrogen 

bonding between amino-groups and carboxyl groups (Fig. 3-8a). The IR peak around 

3328 cm−1 became stronger and broader after the decoration of PDA, the similar results 

have been reported in previous article, explaining this spectral change with an overlap 

of the stretching vibrations of amino (N−H) and hydroxy (O−H) groups of PDA.44 

Moreover, other peak intensity also exhibits a slight descending trend, suggesting the 

successful decoration of PDA on the fiber surface. After the dip-coating of PEDOT:PSS, 

there was almost no change in FTIR spectrum of EPU@PW compared to that of 

DPU@PW. X-ray photoelectron spectroscopy (XPS) analysis was performed to further 

probe the surface information on each layer of the integrated fibers. Fig.3-8b shows the 

survey spectra of PU@PW, CPU@PW, DPU@PW, and EPU@PW. Three characteristic 

https://pubs.acs.org/doi/full/10.1021/acsami.9b14688#fig3
https://pubs.acs.org/doi/full/10.1021/acsami.9b14688#fig3
https://www.sciencedirect.com/topics/physics-and-astronomy/xps-analysis
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peaks for C 1s, O 1s, and N 1s are exhibited in the survey spectra of PU@PW, while 

the peak of N 1s almost disappeared and the peak intensity of O 1s decreased 

significantly after CNTs decoration, indicating that the CNTs are stacking up on the 

surface of PU@PW. After self-polymerization of dopamine, the peak of N 1s reappears, 

and the peak intensity of O 1s is increased on DPU@PW, resulting from the catechol 

and amine functional groups of the PDA layer. To further confirm the existence of PDA, 

the high-resolution N 1s spectra of DPU@PW is deconvoluted into three peaks at 397.7, 

399.5, and 401.3 eV ascribed to –N=, –NH, and –NH2, respectively (Fig.3-8c). The –

N= peak originated from the indole group through structure evolution during the 

oxidative self-polymerization of dopamine, which confirmed the successful deposition 

of adherent PDA on the fiber surface, and these results are consistent with the 

phenomenon reported in the previous literature.45 The spectrum of EPU@PW shows a 

new peak around 164 eV, which is ascribed to the characteristic peaks for S 2p. One 

peak with a binding energy of 166 − 172 eV originates from the sulfur atoms of PSS, 

and the other peak at 162 − 166 eV corresponds to the sulfur atoms of PEDOT (Fig3-

8d), suggesting the attachment of PEDOT:PSS on the fiber surface.46  
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Fig. 3-8. (a) FT-IR spectra of a series of the prepared membranes. (b) Wide XPS spectra. (c) N 1s 

XPS spectra of DPU@PW. (d) High-resolution XPS S 2p spectrum of EPU@PW membrane. 

 

As mentioned, PDA significantly improved the hydrophilicity of the CPU@PW 

membrane, which is shown in Fig. 3-9. The PU@PW and CPU@PW membranes 

present as hydrophobic surfaces, while the PDA modified membrane shows an 

impressive hydrophilicity; a water droplet can completely wet and be absorbed within 

10 s, because of the abundant hydrophilic groups of PDA and the surface roughness 

constructed by CNTs and PDA. After modification of PEDOT:PSS, the better 

hydrophilicity originates from the synergistic effect between the two hydrophilic 

materials, i.e. PDA and PEDOT:PSS. 
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Fig. 3-9. The surface wetting behavior of the composite membranes. 

 

3.3.2 Phase change performance  

As is well known, PCMs are capable of absorbing and releasing latent heat in the 

phase change process, which can act as a reversible thermoregulatory medium to 

manage the local temperature near the skin. When the external temperature rises above 

the melting point, the PCMs absorb and store the extra heat to mitigate the transfer of 

heat to skin. Once the external temperature decreases below the crystallization point, 

the latent heat stored by PCMs will be released spontaneously to buffer the drastic 

decrease of temperature. The appropriate responsive temperature, energy storage 

density, and charging/discharging capability are significant parameters that determine 

the service performance of phase change composite fibers.  

Fig.3-10a exhibits the DSC curves of a series of orderly functionalized composite 

membranes during the heating and cooling process, and the relevant thermal enthalpies 

are indicated in Fig.3-10b. Benefiting from the stable phase transition performance of 

the core-shell fiber PU@PW, the composite membranes of CPU@PW, DPU@PW and 

EPU@PW also exhibit significant endothermic and exothermic peaks at similar 

locations with melting enthalpies of 112.44, 109.25, and 106.86 J/g (about 20 − 35 °C), 

and crystallization enthalpies of 111.35, 108.38, and 104.94 J/g (around 14 − 26 °C), 

respectively. Their thermal enthalpies show a slight, gradual decrease compared to that 

of pristine PU@PW, because the introduction of CNTs, PDA and PEDOT:PSS make no 

contribution for phase change and reduce the mass fraction of PW in membrane. 
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However, the thermal enthalpy still remains at an ideal level. Fig.3-10c shows that the 

melting enthalpy of EPU@PW is significantly higher than the recently reported results 

by electrospinning (in a reasonable temperature range for human life between 22 − 

46 °C),22-24,43-48 which reveals that EPU@PW is a promising candidate for responsive 

thermoregulatory textile. As seen in Fig.3-10d, the DSC thermograms exhibit a 

favorable coincidence regarding the locations and intensities of the melting and cooling 

peaks in 50 cycles, demonstrating the stable reversibility of the phase change behavior.  

 

 

 

Fig.3-10. (a) DSC curves of a series of the prepared membranes. (b) Melting and freezing enthalpy 

of the corresponding membranes. (c) A comparison of melting enthalpy from the latest reported 

phase change membranes by electrospinning. (d) DSC heating and cooling curves of EPU@PW in 

50 times. 

 

The temperature self-regulation performance of EPU@PW was investigated through 

monitoring the temperature evolution using a thermocouple and an infrared camera. 
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The EPU membrane without the PW core was examined as a control. These samples 

are placed on a heating plate (temperature increasing from 10 to 60 °C), and then moved 

quickly to a cold plate (at 5 °C). Compared to EPU@PW, EPU shows a faster color 

change from violet to orange during the heating process, and it shows a quicker 

evolution of the opposite color during the cooling process (Fig.3-11 (a, b)). Fig.3-11 (c, 

d) present the real-time temperature records. There are two obvious temperature 

hysteresis regions in the heating and cooling processes, which are accompanied with 

the heat energy storing and releasing owing to the phase change of PW. This 

phenomenon confirms that the prepared phase change membranes can create a valid 

heating or cooling effect according to the changing environment.  

 

Fig. 3-11. (a, b) Representative IR thermal images in the heating and cooling process, respectively. 

(c, d) Temperature evolution plots in the heating and cooling process, respectively. 

 

3.3.3 Photothermal conversion performance  

The excellent solar-thermal properties of CNTs, PDA and PEDOT:PSS would endow 

the phase change membrane with an ideal photothermal performance. A scenario is 

described in Fig.3-12 (a, b), solar energy can be harvested rapidly and stored in PCMs, 
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continuously transferring heat to the human body. When the person subsequently enters 

into an indoor place or other conditions without sufficient sun radiation, the energy 

stored in the PCMs will be released spontaneously and keep the body warm. The above 

conceives can be demonstrated in the following experiments.  

 

Fig 3-12. Schematic illustration of (a) photothermal conversion and energy storage in the membrane 

sewed on the clothing under sunlight and (b) the laten energy releasing to keep warm without 

sunlight. (c) Photothermal conversion testing device. (d) UV–vis–NIR light absorptivity of the 

obtained membranes, and the yellow shaded area is the AM 1.5G solar spectra. 

 

To investigate the photothermal conversion performance, the evolutions of surface 

temperatures of the prepared membranes were recorded under a simulated sunlight 

source (Fig. 3-12c). As shown in Fig. 3-12d, EPU@PW has a steady high light 

absorbance over the entire solar spectrum (250 to 2500 nm), and the light absorptivity 

of EPU@PW (95.8%) is higher than that of DPU@PW, and CPU@PW, evidenced the 

synergistic effect of the three types of solar-thermal agents. Furthermore, the porous 

cavities of the fibrous membrane and the hierarchical structure of the single fiber 
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contribute the incident light to being reflected multiple times and captured.53 Fig. 3-13a 

shows the temperature-time plot of EPU@PW, DPU@PW, CPU@PW, and PU@PW 

under a light radiation of 100 mW/cm2 (1 sun). These membranes exhibit rapidly 

increasing temperatures at the initial stage until a plateau is reached, indicating the 

conversion and storage of solar energy through phase transition. After the phase change 

process is completed, the temperature rises rapidly again until it reaches a saturated 

temperature. When the simulated light is turned off, the temperatures of these 

membranes decrease sharply, until the second temperature plateau appears, which 

represents the heat releasing process and suggests a buffering effect on the decreasing 

temperature. In contrast, the temperature of PU@PW increases slowly under the same 

light intensity, and it couldn’t reach the melting temperature of PW. The disappearance 

of the exact phase change platforms indicates that PU@PW failed to store solar energy 

without the help of the light absorbers. In order to evaluate the photothermal conversion 

performance, the saturated temperature and photothermal conversion efficiency were 

calculated and showed in Fig. 3-13b and Tab. 3-1. The saturated temperature of 

EPU@PW reaches 70.5 °C with a high thermal conversion efficiency of 92.43 %, which 

is higher than the values presented in most of the previously reported literatures (Table 

S3). It can be explained as follows: 1) The fibrous membranes possess large specific 

surface area for light harvesting.54 2) The synergistic interaction of hierarchical 

configurating CNTs, PDA, and PEDOT:PSS also contributes to the high saturation 

temperature and photothermal conversion efficiency. 3) Because of the longitudinal 

core-shell fiber structure and interconnect network, solar energy is captured by the outer 

shell and transferred to the core (PW) directly without redundant heat transfer paths. As 

shown in Fig. 3-13c, EPU@PW is exposed to different light intensities (50, 75 

mW/cm2), and the saturated temperatures are 60.4 °C (75 mW/cm2) and 45.7 °C (50 

mW/cm2), respectively. Taking advantage of the synergistic photothermal converters, 

the membrane can be optical charged and applied heating effect even under a relatively 

lower intensive radiation. The saturated temperature and photothermal conversion 

efficiency in 100 mW/cm2 is higher than that in 75 and 50 mW/cm2 (Fig. 3-13d), 

because of the faster photothermal charging rate and the shortened phase change period 
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which can result in less heat loss (via dissipation to the external environment).55 The 

repeated solar heating and cooling tests were conducted (100 mW/cm2) for 10, 20, and 

50 cycles to investigate the solar heating stability. Fig. 3-14 shows that all of the cycles 

exhibited almost identical temperature-time profiles in the heating and cooling 

processes, confirming the reliability of EPU@PW as a solar heater in wearable 

photothermal conversion and storage systems. 

 

Fig. 3-13. (a) Temperature variation curves of the composite membranes under sunlight radiation of 

100 mW/cm2. (b) Saturated temperature of the corresponding membranes and the calculated 

photothermal conversion efficiency under radiation of 100 mW/cm2. (c) Temperature variation 

curves of EPU@PW under sunlight radiation of 50, 75 and 100 mW/cm2. (d) Saturated temperature 

and the calculated photothermal conversion efficiency of EPU@PW under radiation of 50, 75 and 

100 mW/cm2. 
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Fig. 3-14. Temperature variation curves of EPU@PW with cycling of 10, 20, 50 times under 

radiation of 100 mW/cm2. 

 

Tab. 3-1. Photothermal conversion efficiency  

 

Sample CPU@PW DPU@PW EPU@PW 

p (mW/cm2) 100 100 100 75 50 

A (cm2) 4.41 4.41 4.41 4.41 4.41 

t (s) 85 75 65 94 153 

m (g) 0.245 0.246 0.248 0.248 0.248 

a Input energy (J) 33.49 33.08 28.67 31.09 33.74 

b Storage energy (J) 27.55 26.88 26.50 26.50 26.50 

ηPT (%) 73.49 81.26 92.43 85.24 78.54 

 
a Input energy= 𝐴 ∙ 𝑝 ∙ 𝑡 

b Thermal energy storage = 𝑚 ∙ Δ𝐻  

 

As a proof of concept, both EPU@PW and PU@PW were attached to the arm skin 

under the light intensity of 100 mW/cm2, the time-dependent temperature variations 

were recorded by an IR camera (Fig. 3-15). The temperature of PU@PW maintains the 

sync slightly changing temperature as the skin. By contrast, the temperature of 

EPU@PW increases from the initial skin temperature (30.6 °C) to 65.1 °C in 120 s. 

This result demonstrated the fast localized solar-heating performance of EPU@PW. 
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Fig.3-15. A digital photo and IR thermal images of EPU@PW and PU@PW placed on the arm at 

100 mW/cm2 sunlight illumination. 

 

3.3.4 Electrothermal conversion performance  

In the case of insufficient sunlight, like a rainy, cloudy day, or at night, or in an indoor 

space, electro-driven heating is necessary as a supplementary solution. Fig. 3-16a 

depicts that the membrane attached on one’s clothing could be heated through a portable 

battery at night, and the generated heat would compensate for the heat a person would 

lose in cold environments. In another scenario (Fig. 3-16b), the membrane could be 

charged in advance, and the stored energy in PCMs would be released to keep warm in 

the absence of electricity. Therefore, as a promising candidate to perform as an electric 

heater, the steady heating temperature, electro-response sensitivity, temperature 

uniformity, heating adjustability and cyclic stability of EPU@PW were evaluated in 

detail. 

 



80 
 

 

Fig. 3-16. Schematic illustrations of (a) electrothermal conversion and energy storage in the 

membrane sewed on the clothing under sunlight and (b) the latent energy being released to keep 

warm without electricity. (c) Electrothermal conversion testing device.  

 

Different constant DC voltages were applied on EPU@PW for the Joule heating test, 

and the real temperatures were recorded as displayed in Fig. 3-16c. The time-dependent 

temperature profiles at controlled voltages are plotted in Fig. 3-17a. Two temperature 

plateaus with reduced slopes also appeared in the heating and cooling process, 

suggesting the responsive thermal storage and release to maintain a comfortable 

temperature. In addition, a higher voltage results in a faster electro-thermal response as 

well as a higher saturated temperature. The saturated temperature can reach 39.4 °C (3 

V), 49.6 °C (3.4 V), 62.0 °C (3.8 V), and 73.8 °C (4.2 V), increasing from the room 

temperature of 10 °C, the driving voltages are far below the safe threshold of 36 V. Fig. 

3-16d shows the positive linear relationship between saturated temperatures and the 

square of the applied voltages, conforming to Joule’s law.  



81 
 

Additionally, the electrothermal storage efficiencies at different voltages are 

calculated and displayed in Fig. 3-17b, Tab. 3-2, which are comparable or superior to 

those of the previously reported phase change composites (Tab. 3-3). The faster 

electrothermal responsibility and shorter charging time at a higher voltage cause the 

reduction of heat loss, so a higher electrothermal conversion efficiency is produced.56 

As shown in Fig. 3-17c, the temperature variation is consistent with the applied 

alternating voltage, indicating a flexible and sensitive heating behavior. In Fig. 3-17 d, 

the electro-heating and cooling tests at a constant voltage of 3.4 V were conducted 

numerous times to valid the electrothermal cycle stability, which exhibited perfect 

reproducibility in 50 cycles. In addition, EPU@PW was heated at a constant voltage of 

3.4 V for a long-term test. EPU@PW maintained a stable temperature around 51.5 °C 

for more than 1800 s (Fig. 3-17e), validating its stability in long-term service.  
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Fig. 3-17. (a) Temperature variation curves of EPU@PW at different voltages. (b) Saturated 

temperature and the calculated electrothermal conversion efficiency of EPU@PW under 

corresponding driving voltages. (c) Temperature variation curve at an alternating voltage. (d) 

Temperature variation curves of EPU@PW with cycling of 2, 20, 50 times at 3.4 V. (e) Long-term 

heating test at 3.4 V.  

 

Tab. 3-2. Electrothermal conversion efficiency of EPU@PW 

U (V) 3 3.4 3.8 4.2 

I (mA) 105 120 140 165 

t (s) 196 131 70 42 
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m (g) 0.248 0.248 0.248 0.248 

a Input energy (J) 61.74 53.45 37.24 29.11 

b Storage energy (J) 26.50 26.50 26.50 26.50 

ηET (%) 42.92 49.58 71.16 91.03 

 
a Input energy= 𝑈 ∙ 𝐼 ∙ 𝑡  

b Thermal energy storage = 𝑚 ∙ Δ𝐻  

 

Besides, as an ideal Joule heater, EPU@PW exhibits a homogenous temperature 

distribution at voltages from 3 V to 4.2 V (Fig. 3-18a). Moreover, as seen in Fig. 3-18b, 

the membrane is wrapped directly around the human finger, generating heating effect 

by electro-driving. Due to the excellent flexibility, the membrane heater easily can 

conform to the bent finger with stable heating performance. The prepared membrane 

also exhibited an interesting sewability (Fig.3-18c). When the cut membrane is stitched 

by a cotton yarn, the extinguished LED is lighted on again, and it exhibits a good 

healing ability of conductivity by sewing, which is compatible with the process of 

manufacturing clothing. These results verified the great potential of EPU@PW for 

application in thermal therapy and wearable thermal management. 
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Fig. 3-18. (a) IR thermal photos of EPU@PW at different voltages. (b) The digital and thermal 

photos of EPU@PW wrapped around a finger for heating. (c) Conductivity healing by sewing. 

 

3.4 Conclusion 

In summary, we report a fibrous membrane-based textile with tri-mode 

thermoregulatory performance that includes reversible temperature-responsive phase 

change property, solar-heating, and Joule heating effects. The integrated multimodal 

thermal regulating system is attributed to the cooperation between the intrinsic 

properties of the employed materials and the delicately designed hierarchical core-

sheath fiber structure. The favorable thermal storage capability originated from the 

effective encapsulation of PW through coaxial electrospinning technology, where the 

plastic elastomer PU, as a protective and supportive shell, assures decent mechanical 

properties. The introduction of light absorbers of CNTs, PDA, and PEDOT:PSS through 
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various surface modifications achieved a synergistic photothermal conversion, reaching 

a high saturated temperature of 70.5 °C (1 sun). Owing to the low resistance of 

PEDOT:PSS, the prepared membrane possessed an favorable electrothermal 

conversion performance with a high saturated temperature of 73.8 °C (4.2 V). The 

combination of phase change, solar-heating, and Joule heating effect enables the phase 

change membrane to be charged by either solar energy or electrical energy, and it 

provides multiple thermal regulation routes, which presents promising potential for 

application in wearable personal thermal management. 
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Tab. 3-3. Summary of photothermal conversion and electrothermal conversion performance of 

recently reported phase change composite materials 

Materials 

Photothermal 

 conversion 

Electrothermal 

conversion 
Refs 

p 

(mW/cm2) 

TPT 

(°C) 

ηPT 

(%) 

U 

(V) 

TET 

(°C) 

ηET 

 (%) 

SAT/RGO 100 72.3 86.3 -- -- -- S1 

PEG/ carbon cloth @ZIF 100 102 61.1 3 59 55.7 S2 

PEG/porous carbon 110 78 89 3.5 -- 84.6 S3 

PEG/graphene -- -- -- 4.8 -- 86.3 S4 

PEDOT:PSS/MWCNTs/LA/PU 100 72 82.8 15 52 -- S5 

PEG@PU-RGNPs  -- -- -- 1.2 -- 92.1 S6 

PEG-PU-CNT 100 -- 80.5 -- -- -- S7 

PW/ porous carbon  110 -- 91 3.6 -- 74 S8 

PW@PDVB-12/PPy 100 47 85.2 2.5 54 89.6 S9 

PEDOT:PSS@PDA@CNTs@P

U@PW 
100 70.5 92.4 4.2 73.8 91.0 

This 

work 

TPT: saturated temperature of photothermal conversion; TET: saturated temperature of electrothermal 

conversion 
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Chapter 4: Highly integrated, breathable, metalized phase 

change fibrous membranes based on hierarchical coaxial fiber 

structure for multimodal personal thermal management 

 

4.1 Introduction 

Thermophysiological comfort is crucial for human health, which means that the body 

temperature should be maintained within a relatively narrow range for normal 

functional performance.1,2 Considering the huge energy consumption of the indoor 

centralized space cooling/heating technologies, personal thermal management (PTM) 

strategy based on advanced textiles is urgently desirable for alleviating the global 

energy crisis, because of its more energy saving manner that emphasizes thermal 

regulation on the individual level.3-5 Generally, designing smart textiles for heating 

purpose are based on two mechanisms: 1) Confining the heat from human body for 

suppressed heat lose, which contains several passive warming strategies based on 

insulating textiles with lower thermal conductivity,6-7 lower-Mid-IR emission and 

higher-IR reflection,8-10 but the extent of heating effect is limited. 2) Providing extra 

heat to human body. Photothermal conversion is appealing in various applications due 

to the renewable, clean and easy availability feature of solar energy. Photothermal 

materials such as plasmonic nanoparticles,11 carbon-based materials,12-13 and 

conjugated polymers,14 are capable to convert solar energy into thermal energy directly, 

and this unique self-heating feature is promising for personal heating. However, solar 

heating depends on intensive sunlight seriously, which is uncontrollable and 

intermittent. Therefore, electro-heating has always been considered as a complementary 

option in the absence of solar energy, such as rainy, cloudy day, at night.15-17 Much 

effort has been made to investigate the textiles cooperated with optical and electric dual-

heating functions, which combined the advantages of energy saving and precise 

controllability of solar heating and Joule heating, respectively.18-21 Nevertheless, 

electric heaters must be connected a power source in service, which hinders their 
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universal application. Therefore, thermal energy storage (TES) technology is necessary 

to relieve the mismatch between the energy supply and demand.22-23 Phase change 

materials (PCMs) based on latent heat storage, capable of storing and releasing excess 

energy, has been regarded as a potential candidate in thermal management.24-25 Besides, 

organic PCMs also character with the high energy density, non-corrosion, and small 

supercooling.26-27 Therefore, the synergistic thermal regulation strategy integrated with 

photothermal/electrothermal conversion and energy storage performance is promising 

in all-weather, on-demand personal thermal management.28-30 However, current 

researches on thermal management mainly focused on the integration with high-

performance based on dense impermeable substrates.28,30-33 Alternatively, the employed 

porous substrates were usually treated with incompatible processes that induce pores to 

be filled, resulting in inhibited penetration.34-36 The limited breathability leads to a 

major concern for long-term wearing comfort. Therefore, it remains challenging for 

structural design and compatible functionalization process to achieve the high 

integration of multimodal thermoregulating routes without compromising structural 

permeability. 

Herein, we fabricated a breathable and synergistic thermoregulating fibrous 

membrane integrated with photothermal/electrothermal conversion and energy 

storage/release performance for all-weather, energy-saving and personalized thermal 

management. Coaxial electrospinning was employed to fabricate composite phase 

change membranes, where paraffine wax (PW) was encapsulated in the core-sheath 

structured fibers, and the high aspect ratio of these fibers as well as the porous structure 

of the prepared membranes endowed them with favorable flexibility and breathability. 

In particular, the resultant core-sheath phase change fibers were further functionalized 

by Ag nanoparticles (AgNPs) through polydopamine (PDA) assisted metal deposition 

technique for complementary photo/electrothermal conversion performance. 

Specifically, PDA, as an intermediate modified layer, facilitates the uniform deposition 

of AgNPs and ensures a strong interfacial adhesion through the “bridge” effect between 

the metal layer and the polymer fiber substrates. Therefore, the metalized phase change 

fibers with a specific hierarchical coaxial structure, combining the functional 
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components orderly (AgNPs@PDA@PU@PW), achieved a high integration of the 

multi-thermoregulating routes. As a result, the all-in-one fibrous membrane exhibited a 

high heat enthalpy originating from the core PW, a decent photothermal conversion 

capability owing to the synergistic effect of PDA and AgNPs, and an excellent 

electrothermal conversion performance due to the metal conductive pathways. What’s 

more, the favorable air permeability, flexibility and washability make the resulting 

membrane extremely promising for wearable personal thermal management. 

4.2 Experimental section 

4.2.1 Materials 

Polyurethane (PU, Mw = 110,000), was purchased from Sigma-Aldrich Chemical 

Co, USA. Paraffine wax (PW) was obtained from Shanghai Yijiu Chemical Co., Ltd, 

China. N, N-dimethylformamide (DMF), tetrahydrofuran (THF), dopamine 

hydrochloride (DA, 98%), tris(hydroxymethyl) aminomethane hydrochloride (Tris, 

99%), glucose (C6H12O6), silver nitrate (AgNO3), ammonia solution (NH3 aq, 28%), 

hydrochloric acid (5 mol/L) and kerosene were purchased from FUJIFILM Wako, Japan. 

All the chemical materials were used as received. 

4.2.2 Preparation of PCF (PU@PW) fibrous membranes 

The phase change membranes were prepared by coaxial electrospinning. Briefly, 

PU solution in DMF/THF mixture (5/5, w/w) with a concentration of 18 wt % was used 

as the precursor solution for the sheath layer. Core solution was prepared by adding 

melted PW in kerosene (80 wt %). These solutions were injected into a coaxial needle 

with the speed of 1.2 mL/h and 0.6 mL/h for outer and inner jet flow, respectively. The 

applied voltage was 15 kV, and the relative humidity and temperature were controlled 

at 40 ± 5% and 30 ± 3 °C. 

4.2.3 Preparation of DPCF (PDA@PU@PW) and APCF 

(AgNPs@PDA@PU@PW) fibrous membranes 

Prior to the silver electroless deposition, the phase change membrane PCF was 
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activated by a PDA layer. First, PCF was immersed in the DA solution (pH=8.5) with a 

concentration of 2 g/L and stirred for 12 h. Then the obtained membrane (denoted as 

DPCF) was washed by deionized water to remove the excess PDA microspheres. After 

that the silver electroless plating bath was prepared by dropwise adding aqueous NH3 

(28%) into AgNO3 solution (2 g/L) until the solution became transparent again. DPCF 

was immersed in the above solution for 30 min, then the reducing agent glucose was 

added into the mixture with a concentration of 4 g/L. The reaction time was controlled 

at 20, 40 and 60 min, the resulting membranes were denoted as APCF20, APCF40 and 

APCF60, respectively. 

4.2.4 Characterization 

The morphology and elemental composition of the samples were observed by Field-

emission scanning electron microscopy (FE-SEM, JSM-IT800SHL, Japan) with 

energy-dispersive spectrometry (EDS) and transmission electron microscopy (TEM, 

JEM-2010, Japan). The crystalline and chemical properties were investigated by the 

Fourier-transform infrared spectrophotometer (FTIR-6600, Jasco, Japan), X-ray 

diffraction (XRD, MiniFlex300, Rigaku, Japan) and X-ray photoelectron spectroscopy 

(XPS, AXIS-ULTRA HSA SV, Japan). Thermal energy storage and release properties 

were characterized by differential scanning calorimetry (Thermo plus EVO2 DSCvesta, 

Rigaku, Japan) with a heating/cooling rate of 10 °C ·min−1 under N2 atmosphere (Flow 

rate = 50 mL·min−1). The optical property was detected by an ultraviolet-visible-near 

infrared spectrophotometer (UV-3600, Shimadzu Ltd., Japan). Infrared photos were 

taken with an infrared thermal imaging camera (Testo 875-2i, German). The 

photothermal conversion and storage performance was studied via simulated solar 

irradiation (XES-40S3-TT, San-electric, Japan) and the temperatures were documented 

by a thermal couple (KE331L, CHINO, Japan). The electrothermal conversion and 

storage performance was investigated by applying certain voltages through a DC power 

supply (AD-8724D, A&D, Japan). The electromechanical property is evaluated by 

measuring the relative resistance change (ΔR/R0, ΔR = R-R0, where R0 is the original 
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resistance, R is the transient resistance under deformation). 

4.3 Results and discussion 

4.3.1 Fabrication process and characterization 

The fabricated process of the synergistic multimodal thermoregulating membranes 

consisting of hierarchical coaxial constructed fibers is illustrated in Fig. 4-1a. The 

preparation process consists of two steps, coaxial electrospinning and PDA assisted 

metal deposition, the former one is used to prepare flexible phase change composites, 

and the later one is employed for further functionalization. First, coaxial electrospinning 

is employed to construct 1D core-sheath structure for encapsulation of PCMs. Here, 

PW is contained in the elastic sheath of PU as it undergoes the phase change transition 

of melting and freezing. The as-prepared phase change fibrous membrane possessed 

inherently high surface area, flexibility, as well as breathability, serving as a favorable 

substrate for further functionalization. Subsequently, the membrane was modified by 

PDA through the self-polymerization of DA monomers. Finally, AgNPs were grown on 

the fiber surface through electroless plating. Here, PDA worked as the “linking bridge” 

between the substrate of phase change fibers and the outer layer of AgNPs, because the 

abundant catechol moieties and amine groups endowed it with the strong chelating 

ability to metal ions.37 As illustrated in Fig. 4-1b, Ag ions were firstly absorbed on the 

PDA layer, and then in situ reduced into AgNPs, attributed to the mild reducibility of 

PDA.38 The resultant AgNPs act as seeds to facilitate the formation of silver coating.39 

Thanks to the collaboration of the core and sheath components, the integrated 

membrane was endowed with the synergistic photo/electro-thermal energy conversion 

(solar/Joule heating) and energy storage (phase change behavior) performance (Fig. 4-

1c). 
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Fig. 4-1. Schematic illustrations of (a) fabrication process of metallized, hierarchical coaxial 

constructed fibers. (b) Ag seeds uniformly grown on PDA-modified core-sheath fibers by chelation 

and in situ reduction. (c) Multimodal thermoregulating routes integrated with solar heating, Joule 

heating and reversible heating/cooling effects by phase change process. 

 

The morphology of the hierarchical coaxial fiber structure is crucial to the 

integrated thermal regulatory performance. TEM image clearly revealed the coaxially 

structure of PCF in Fig. 4-2a. To further illustrate the core-sheath structure of the phase 

change fibers, the cross-sectional morphology was observed by a microscopy (SEM) 

image (Fig. 4-2b), after removing the melting core (PW). The obvious holes in the core 

zone of the fibers confirmed the well-defined core-sheath structure (PW@PU) through 

coaxial electrospinning.  
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Fig. 4-2. (a) TEM image of PCF. (b) SEM image of the cross-sectional morphology of PCF.  

 

For the insight into the process of PDA-assisted silver deposition, the evolution of 

the fiber surface is revealed (Fig. 4-3(a, a’-c, c’)). Compared to the smooth surface of 

PCF (Fig. 4-3a, a’), the surface of DPCF turned to be rougher, attributed to the 

deposition of a thin layer of PDA as well as some PDA nanoclusters (Fig. 4-3b, b’). To 

demonstrate the successful modification of PDA, x-ray photoelectron spectroscopy 

(XPS) was used to analyze the surface composition. In comparison with membrane PCF, 

PDA modified membrane DPCF shows higher peaks of O 1s and N 1s, due to the 

catechol and quinone groups of the PDA polymer (Fig. 4-4a). Moreover, the N 1s 

spectrum of PCF contains only one peak at 400.0 eV, which is attributed to –NH species, 

originating from the PU polymer. Nevertheless, the N1s spectrum of DPCF can be 

deconvolved into three peaks at 399.2, 400.0, and 401.1 eV, which correspond to –N=, 

–NH and –NH2, respectively (Fig. 4-4b). The –N= species results from the oxidative 

product of dopamine (indole derivatives). The presence of a small amount of –NH2 

suggests the co-existence of self-assembled dopamine in PDA layer, which is consistent 

with the previously proposed model of the formation of PDA.40-41 
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Fig. 4-3. Surface morphology of (a, a’) PCF, (b, b’) DPCF, (c, c’) APCF40. 

 

 
Fig. 4-4. (a) XPS full spectrum. (b) High-resolution XPS spectra of N1s. 
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As well known, the surface deposition of silver layer via electroless plating involves 

the sequential processes of nucleation, growth, and coalescence of AgNPs into a 

continuous layer.42 As aforementioned, the chelation and reducing nature of PDA 

toward Ag ions promote the nucleation of AgNPs. The SEM images (Fig. 4-5(a-c)) 

further demonstrated the influence of PDA on in situ silver deposition. Obviously, there 

are small isolated nanoparticles uniformly attached on the fiber surface of DPCF after 

immersion in silver ammonia solution (before adding glucose), and the element 

mapping of Ag validated the formation of Ag nucleuses from the precursors, which 

provide growth sites for the subsequent glucose-reduced AgNPs.  

 

Fig. 4-5. (a-c) SEM images of DPCF with Ag seeds grown on the fiber surface after immersion in 

silver ammonia solution for 30 min. (d) The corresponding EDS elemental mapping images. 

 

What’s more, the denseness of silver layer can be easily controlled via tuning the 

reduction time with glucose. After reduction for 20 min, the Ag nucleuses grow into 

small and discrete nanoparticles. The fiber surface was not fully covered, and some 

small gaps can be observed (Fig. 4-6a, a’). As the reaction time increases, AgNPs grow 

to be larger and the interconnections occurred between them at the point of about 40 

min, forming a uniform and compact silver layer (Fig. 4-6b, b’). The corresponding 

elemental mapping images demonstrate the homogenous distribution of C, N, O, and 

Ag elements throughout the membrane APCF40 (Fig. 4-7). For longer reaction time 

(about 60 min), the extensively grown AgNPs aggregate to be larger nanoclusters along 

the fiber radial direction, which reduced the homogeneity of the silver layer (Fig. 4-6c, 
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c’). Thus, the surface evolution process is schematically illustrated in Fig. 4-6(a’’-c’’). 

The denseness of silver layer has significant influence on the light absorptivity and the 

electrical conductivity of the resulting membranes, which are discussed in the following 

sections.  

 

Fig. 4-6. Surface morphology of (a, a’) APCF20, (b, b’) APCF40, and (c, c’) APCF60 with low and 

high magnification, respectively. (a’’–c’’) Schematic diagrams of the evolution process of fiber 

surface. 

 

 

Fig. 4-7. (a) SEM images of APCF40. (b) The corresponding elemental mapping images. 
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To verify the construction of the hierarchical structure in APCF40 membranes, the 

enlarged cross-sectional view and EDS mapping of a single metalized fiber is shown in 

Fig. 4-8, the hollow polymer fiber (after removing the melting PW) is wrapped with 

AgNPs and forming a hierarchical structure. The effective deposition of AgNPs is 

further confirmed by XRD and XPS results. In the XRD patterns (Fig. 4-9a), the 

additional five characteristic peaks in APCF40 are attributed to the (111), (200), (220), 

(311), and (222) lattice planes of silver, respectively.43 Besides that, the Ag 3d XPS 

spectrum of APCF40 was deconvolved into two peaks at 368.2 and 374.2 eV for Ag 

3d5/2 and Ag 3d3/2, respectively, and the distance between the spin energy values was 

6.0 eV, which confirmed the existence of silver in the form of Ag (0) (Fig. 4-9b).44,45 

To further validate the positive effect of the interface modifications of PDA on 

electroless deposition of AgNPs on fibers, the phase change membrane PCF without 

PDA modification after immersion in silver ammonia solution was directly reduced by 

glucose as a control experiment. As shown in Fig. 4-10, fibers are attached by the 

nonuniform, and discontinuous silver coatings, which consist of the aggregated large 

particles. This result proves that PDA, severing as an anchoring polymer, plays a critical 

role for the uniform deposition of AgNPs.  

 

 

Fig. 4-8. (a-b) SEM image and EDS elemental mapping images of the cross-section of APCF40. 
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Fig. 4-9. (a) XRD pattern of PW, membrane PCF and APCF. (b) High-resolution XPS spectra of Ag 

3d. 

 

 

Fig. 4-10. (a-c) SEM images of the metalized phase change membrane treated by electroless silver 

plating directly without the assistance of PDA after reduction for 40 min, showing a nonuniform 

silver coating. 

 

4.3.2 Phase change performance 

The phase change enthalpies and temperatures are used to determine the efficiency 

and applicability for thermal energy storage. The DSC curves of PCF, DPCF and 

APCF40 exhibit distinct endothermic and exothermic peaks from 20 to 35 °C and 26 to 

12°C, respectively, similar to that shown by pure PW (Fig. 4-11(a, b)). Compared with 

pristine PW (203.4 J/g), PCF exhibits a lower value of latent heat (113.6 J/g). There are 

two reasons accounting for the decreased thermal storage capacity:46 (1) the support 

material of PU polymer makes no contribution to the latent heat; (2) the PCM is 

confined in the narrow space of the fiber core, thus the crystallization and melting 

behavior of the partial chain segments of PW are restricted. The former reason also 

accounts for the slight, and gradual decrease in heat enthalpy of DPCF (111.7 J/g) and 
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APCF40 (101.1 J/g), after sequentially loading PDA and AgNPs (Fig. 4-11c). The FTIR 

spectra are shown in Fig. S5, the characteristic peaks of PW (2960, 2925 and 2854 cm-

1) can be found in the spectra of all composite phase change membranes. The intensities 

of these peaks weaken slightly after loading PDA and AgNPs, which is in accordance 

with the decreased value of heat enthalpy from DSC test. In Fig. 4-11d, the intensities 

and locations of the endothermic and exothermic peaks in DSC curves of APCF40 did 

not change significantly after 50 thermal cycling, confirming the decent phase change 

reliability and stability. These results presented that the core PW plays a dominant role 

for phase change behavior, and the multiple layers of PU, PDA and AgNPs, as 

protective shells, effectively avoid the leakage of PW. In order to investigate the 

temperature self-regulation performance, the temperature evolution was recorded using 

a thermocouple. The metalized phase change membrane APCF40 and a control sample 

APU containing no PW were placed on a hot (45 °C) plate and a cool (0 °C) plate for 

simulating heating and cooling process. In Fig.4-11 (e, f), there are two distinct 

temperature hysteresis regions from 21 to 28°C and from 26 to 17 °C in heating and 

cooling process, which is consistent with the endothermic and exothermic temperature 

range of APCF40. It verified that the prepared membrane APCF40 has the practical 

cooling and warming effects when the contained PW undergo phase change. The 

reversible cooling/heating behaviors are based on the work mechanism of heat energy 

storing and releasing through PCMs, which are beneficial for humans to buffer the 

ambient temperature fluctuation, and keep a comfort temperature for longer time.  
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Fig. 4-11. (a, b) DSC curves in heating and cooling process, respectively.  (c) The corresponding 

melting and crystallizing enthalpy. (d) DSC heating and cooling curves of APCF40 in 50 cycles. (e, 

f) Temperature change curves in heating and cooling processes, respectively.  

 

4.3.3 Photothermal conversion and storage performance 

Solar spectrum is mainly composed of ultraviolet light (280–400 nm), visible light 

(400–760 nm), and near infrared radiation (NIR) light (760–2500 nm), which constitute 

around 3, 44, and 53% of solar energy, respectively.47 One of the key strategies of high 

photothermal conversion efficiency is to broaden the absorption band.48 PDA is a 
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representative black melanin pigment and has been widely employed as a photothermal 

agent. However, its high absorption only appears in UV and visible regions, without 

covering the entire solar spectrum.49 As the Fig. 4-12a shows, DPCF improved solar 

absorption in visible region, but it exhibits much lower absorptivity in NIR region. As 

well known, noble metallic nanostructures have the attractive localized surface plasmon 

resonance (LSPR) effect, rendering them excellent photothermal conversion ability. 

With the assembly of AgNPs, APCF20, 40 and 60 exhibit relatively high absorptivity 

in whole solar spectrum. There are two components attributed to the achieved high 

broadband absorption: 1) The random and wide size distributions of AgNPs (Fig. 4-12b) 

could generate a series of plasmon resonances at different optical frequencies, which 

enable a hybridized LSPR effect located in a wide optical frequency. 2)  The plasmon 

near-field coupling effect could be excited from the ultranarrow gaps (less than 10 nm) 

between adjacent metallic nanoparticles or clusters. 50,51 By further increasing the 

deposition time, the extensive growth of AgNPs led to the interconnections between 

each other, causing the gradual disappearance of the nanoscale gaps, which leads to the 

reduced coupling effect. Therefore, with the increasing deposition time, the membrane 

showed a lower absorptivity in solar spectrum. In addition, except for the synergistic 

photothermal conversion effect of PDA and AgNPs, the porous structure of membrane 

also can promote light capturing through internal multireflection, scattering, and 

absorption of incident light,12 thus the APCF membranes were endowed with the 

admirable photothermal conversion performance. On the other hand, PW can store and 

release the resulting thermal energy, which realizes a synergistic thermal management 

behavior.  
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Fig. 4-12. (a) UV-vis-NIR absorption spectra. (b) The size distribution of AgNPs and the embedded 

figure is the SEM image of AgNPs on fiber surface. 

 

To demonstrate the photothermal conversion and thermal energy storage 

performance of APCFs, the temperature change was recorded under a simulated solar 

light source. As shown in Fig.4-13, during the starting phase, APCFs showed a sharp 

temperature rising, until it reached the melting point of PW, PW changed from solid to 

liquid state, accompanied by the heat storage, and the temperature remained almost 

constant during this process. After phase change was completed, the temperature 

continued to rise, until it reached equilibrium state. When the light was turned off, 

temperature decreased sharply, until another temperature plateau appeared in cooling 

process, indicating that the stored heat was released.  

 

Fig. 4-13. Temperature evolution of APCF20, 40 and 60 under light irradiation of 100 mW/cm2. 
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It was interesting to note the applicability of the synergistic photothermal 

conversion and energy storage behavior under the day-night alternation in the natural 

world (Fig. 4-14). In the daytime, light energy could be harvested and converted into 

heat energy through LSPR effect of AgNPs (outer layer), followed by transferred and 

stored in PW (core layer). While at night or in cold environment, the stored thermal 

energy can be released to buffer the temperature decrease. The seamless coaxial 

configuration facilitates the interfacial heat transfer between the multiple layers in 

individual fibers, which ensures the uniform heat absorbing and releasing processes 

through the membrane. This synergistic behavior of photothermal conversion and 

storage is highly desirable for the sustainability of thermal management systems.  

 

Fig. 4-14. Schematic illustration of photothermal conversion and energy storage. 

 

It is noteworthy that the increasing reduction time slightly decreased the light 

absorptivity of the resulting membrane, but lead to a better electrical conductivity (Fig. 

4-15), suggesting that the solar light absorptivity and electrical conductivity is 

adjustable for achieving alterable trade-off between solar heating and Joule heating 

toward different application scenarios. Here, we selected APCF40 for further research, 

because it exhibited both decent light absorptivity and electrical conductivity.  
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Fig. 4-15. The electrical resistance of APCF20, APCF40 and APCF60. 

The steady-state saturation temperature of APCF40 can reach to 63.2, 54.3, 47.1 

and 41.9 °C at different light intensities of 100, 75, 50 and 25 mW/cm2, respectively 

(Fig. 4-16a). The platform areas near 25°C in both temperature rising and falling 

processes suggest a stable capability to maintain the temperature in a comfortable range. 

Fig. 4-16b shows the temperature variation under repeated on-off light irradiation 

cycles, the temperature plot presents good reproducibility in heating/cooling cycles, 

which highlights its good reliability in long-term service. The infrared imaging pictures 

are shown in Fig. 4-16c, APCF40, APU (without PCMs) and PCF (without solar-

heating agents) were exposed to the light radiation of 100 mW/cm2, simultaneously. 

APCF40 and APU exhibited much higher saturation temperatures than that of PCF, 

demonstrating the favorable solar-heating effect. Besides, APCF40 showed a slower 

rise of temperature than that of APU in heating period, because the PW in APCF40 is 

capable of storing thermal energy and alleviating the temperature rise. Once the light 

was turned off, the temperatures of all samples decreased instantly. APCF40 and PCF 

displayed a higher temperature than that of APU at last, owing to the release of the 

latent thermal energy through the solidification of PW in APCF40 and PCF, which 

buffered the temperature decrease effectively. These results proved the importance of 

the cooperation between core and sheath materials, where AgNPs and PDA determined 

the photothermal conversion effect, and the resulting heat energy is then transferred to 

the core PW and stored. The collaboration between each layers enabled the sustainable 

and synergistic thermal regulating capability, which presents significant potential in 
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terms of automatic, energy-saving and wearable thermal management. 

 

Fig. 4-16. (a) Temperature evolution of APCF40. (b) Temperature profiles of APCF40 in repeated 

heating/cooling cycles. (c) The real-time infrared images of APCF40, APU, and PCF exposed to the 

light irradiation of 100 mW/cm2. 

 

  

4.3.4 Electrothermal conversion and storage performance 

Wearable electrical heaters show great potential for emerging applications in 

thermotherapy and warmth retention. The low electrical resistivity is one of the keys to 

high efficiency of electrothermal conversion.52 The nearly linear voltage–current curve 

of APCF40 conforms to Ohm’s law (Fig. 4-17a), indicating its low and stable resistance. 

The Joule heating performance was systematically investigated under constant driving 

voltages from 2 to 3.5 V, the low driving voltages are safe for use and can be provided 

by a portable power source. The linear relationship between the saturation temperatures 

and the square of driving voltages is in consistence with Joule’s Law (Fig. 4-17b), 

which demonstrates an admirable heating controllability by adjusting the input voltages.  
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Fig. 4-17. (a) Voltage-current curve of APCF40 at different driving voltages. (b)  Experimental data 

and linear fitting of saturation temperature versus U2. 

 

As shown in Fig.4-18a, the saturation temperatures increased from 37.2 to 76.8 °C 

under the increasing voltages from 2.0 to 3.5 V by gradient. Meanwhile, the temperature 

plateaus of APCF40 temperature-time plots, corresponding to the phase change of PW, 

can also be observed in each heating and cooling processes. This synergistic 

electrothermal conversion and storage performance resulted from the cooperation 

between the phase change core PW and the highly conductive sheath of AgNPs. Besides, 

a higher input voltage generated a higher heating rate and shortened the energy storing 

duration. What’s more, APCF40 exhibited a flexible and precise response to the 

changing applied voltages. As Fig. 4-18b shown, APCF40 was loaded and unloaded by 

two different voltages (2.0 and 3.2V) at interval, the temperature revealed a regular 

rising and falling in turn. Meanwhile, the membrane was subjected to 3 consecutive 

cycles of electrical on/off at different input voltages (2.3, 2.9, and 3.5 V), revealing a 

consistent temperature variation with the applied voltages (Fig. 4-18c). Besides, the 

temperature curves during 8 cycles at 2.6 V are nearly identical, verified the stable 

cyclic electrothermal conversion and storage behavior (Fig. 4-18d). Furthermore, the 

long-term stability test was performed under the voltage of 2.6V, the saturation 

temperature around 50 °C can remain constant within 3000 s, exhibiting good heating 

durability and reliability (Fig. 4-18e).  
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Fig. 4-18. (a) Temperature variation curves of APCF40 at different voltages. (b) Thermal response 

of APCF40 switching at 2 V and 3.2 V. (c) Heating/cooling cycles in 3 times at 2.3, 2.9, and 3.5 V. 

(d) Cyclic test at 2.6 V. (e) Long-term test at 2.6 V.  

 

IR camera was used to monitor the surface temperature in real time, the 

homogeneous temperature distribution in IR images at different voltages revealed the 

uniform heating behavior (Fig. 4-19a). To validate the conformability of APCF40 on 

the curved surface of body, the membrane was attached on a finger joint, the surface 

temperature changed from 40 °C in straight state to 37 °C in bent state, ascribed to the 

increased electrical resistance (Fig. 4-19b). It is acceptable for the small temperature 
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variation in the dynamic body movement, which demonstrated the reliable heating 

performance. A bule thermochromic alphabet pattern was painted on the surface of the 

membrane for visual temperature detection (Fig. 4-20). The pattern exhibits gradient 

color change from dark bule (20 °C) to white (35 °C), providing an intuitive way for 

temperature indicating. Overall, the metallic phase change membranes exhibited 

excellent mechanical compliance, electrothermal conversion and energy storage 

capabilities, including a low-voltage safety, decent heating uniformity, sensitive 

temperature response, bidirectional tunability and operational stability.  

 

Fig. 4-19. (a) IR thermal images of APCF40 at different voltages. (b) IR thermal images of APCF40 

wrapped on the human finger before and after bending. 
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Fig. 4-20. Visual Joule heating performances of APCF40 with a thermochromic pattern. 

 

4.3.5 Electrical stability and breathability 

The wearable multifunctional textiles should have favorable flexibility and structural 

stability, because they are inevitably subjected to complicated deformations in practical 

applications. It’s an important issue to ensure a good adhesion between the conductive 

metallic sheath and the flexible/stretchable polymer fiber substrate. Therefore, we 

characterized the normalized electrical resistance changes (ΔR/R0) of APCF40 under 

mechanical deformation, such as bending, torsion and stretching, to evaluate its 

electrical stability and structural robustness. As shown in Fig. 4-21a, the electrical 

resistance exhibits a small decrease (lower than 5%) under bending, because the 

conductive layer is compressed and formed a dense conductive path at bent state.53 In 

long-term cyclic bending test, the resistance shows a gradual increase at the initial stage, 

because the irreversible fracture occurred on the weak regions of the conductive 

pathways.54 After that, the resistance shows a regular and reversible change and remains 

stable after bending for 1000 cycles (Fig. 4-21b). In addition, the membrane also shows 

small changes in resistance under torsion from 0° to 360° (Fig. 4-21a). The light-

emitting diode (LED) bulb was light up when the APCF40 membrane was connected 

in the circuit, and no visible change of the brightness was observed when the membrane 

was bent and twisted (Fig. 4-21c).  
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Fig. 4-21. (a) The resistance changes of APCF40 under torsion and bending. (b) Long-term cyclic 

bending test. (c) Metalized membrane applied as an electrical connector to light an LED bulb under 

bending and twisting state. 

 

Fig. 4-22 represents the normalized resistance change of APCF40 membrane under 

1000 stretch/release cycles from 0% to 10% strain, the stable baseline of the normalized 

resistance change validated a good resistance recovery and long-term reliability at low 

strain level.  

 

Fig. 4-22. The resistance changes under 1000 stretch/release cycles from 0% to 10% strain. 
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A larger tensile strain was conducted in Fig.4-23, the electric resistance increased 

slightly at the low strain (about less than 10%), and gradually increased to 58.29 Ω at a 

strain of 50%. The low strain endurance was ascribed to the strain dissipation provided 

by the stretchable fibrous mesh structure, and the degraded conductance at large strains 

was attributed to the cracking silver shell.  

 

Fig. 4-23. The resistance changes under the uniaxial tensile strain of 50%. 

 

What’s more, the metalized membrane was subjected to the ultrasonic washing for 

10, 20 and 40 min to examine the adhesion stability of the conductive layer on fibers. 

The low resistance of the membrane was remained even after ultrasonic washing for 40 

min (Fig. 4-24 (a, b)), and the SEM images (Fig. 4-25) revealed that the AgNPs can be 

stably attached to fibers after long-term washing. The interfacial layer PDA plays a key 

role for strongly binding the metallic layer and the polymer fiber substrate, which 

ensures the long-time mechanical durability and electrical stability of the metallized 

membrane in practical applications. 
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Fig. 4-24. (a, b) The resistance changes of APCF40 before and after ultrasonic washing for 10, 20, 

and 40 min. 

 

 

Fig. 4-25. (a-b). SEM images of APCF40 after ultrasonic washing for 40 min.  

 

The permeability of air and moisture is essential for ensuring long-term wearing 

comfort.55 Contrast to dense films, fibrous membranes have the advantage of 

intrinsically permeability ascribed to the interconnected porous structure, and the 

process of PDA-assisted silver plating could achieve the conformally deposition of 

AgNPs around the individual fibers, thereby preserving the porous structure of the 

pristine fibrous membranes (Fig. 4-26a). As proofs of concept for air/moisture 
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permeability in Fig. 4-26b, a bottle with hydrochloric acid (HCl aq) was covered by the 

membrane APCF40, when another bottle with aqueous ammonia (NH3 aq) was moved 

close to it, the obvious smoke, the reaction products of HCl and NH3, emerged instantly, 

which proved good air permeability of the membrane. In Fig. 4-26c, two beakers filled 

with hot water were covered by the membrane APCF40 and a nonporous PVC film, 

respectively. The outer large beaker covering the PVC film was clean, while the beaker 

covering the membrane APCF40 was deposited with dense condensed water droplets, 

which confirmed a high moisture permeability of APCF40.  

 

Fig. 4-26. (a) Schematic illustration of the permeability of fibrous membranes. (b) Photos showing 

the HCl gas permeability of APCF40. (c) Photos showing water vapor transmission performance of 

APCF40. 

 

We estimated the water vapor transmission rate based on ASTM E96 with 

modification, through measuring the weight loss of water-filled bottles sealed with 

fibrous membranes and a nonporous PVC film in an environmental chamber (30 °C, 

35%) (Fig. 4-27).8 The metalized phase change membrane APCF40 showed vapor 

transmission rate of 80.67 g/m2/h, which is close to that of the pristine phase change 
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membrane PCF (85.15 g/m2/h) and much higher than the average rate of insensible 

perspiration of human skin (20 g/m2/h),56 while the nonporous PVC plastic film is 

completely impermeable, demonstrating that the porous structure allowed water vapor 

to penetrate through the fibrous membranes for the skin to “breath”, and the porous 

structure was well remained after metallization.  

 

Fig. 4-27. (a) Experimental setup for measuring water vapor transmission rate. (b) Weight loss 

curves of the water inside the bottles covered with different fibrous membranes and a dense PVC 

film.  

 

As the Fig. 4-28 and Tab.4-1 shown, most previously reported thermal management 

composites integrated multi-functions into nonporous films or hydrogels. Alternatively, 

PCMs were absorbed in porous substrates, such as aerogels, foams, and textiles, thus 

the original pores were blocked, leading to the limited permeability. On the other hand, 

the study on combining dual-driven heating functions with thermal energy storage 

capability into one fiber-based wearable device is rare in previous researches. Our 

fibrous membrane could simultaneously acquire favorable permeability, flexibility and 

highly integrated cooperative triple thermal regulating routes, which provides design 

inspirations for the next-generation personal thermal management (more detailed 

comparison are listed in Tab.4-1).  
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Fig. 4-28. The advantage of the high integration of multi-thermoregulatory routs with breathability 

compared to previous studies on thermal management. 

 

In addition, with the introduction of abundant polar groups from PDA, the membrane 

surface changed from hydrophobic (PCF) to hydrophilic (DPCF). While the silver 

coating converted the surface from hydrophilic to hydrophobic again (Fig. 4-29). In 

contrast to the moisture sensitivity of many reported conductive materials,20,21 the 

inherent waterproof property of the metalized membrane without extra hydrophobic 

coatings, can improve its stability and reliability in humid working environment.  

 

Fig. 4-29. Water contact angle measurements of PCF, DPCF, and APCF40. 

 

Moreover, due to the pure polymer sheathes in the core-sheath structured fibers 

acting as the elastic supportive scaffolds, the composite phase change membrane PCF 

inherits the high tensile strain of PU fibrous membranes, with a high breaking 

elongation of 390% (Fig. 4-30).57 The modification of PDA has little effect on the 

elongation at break, but slightly promote the tensile stress as a “nano glue”, which could 

bond the interlaced fibers. Besides, the silver layer improves the tensile stress at break, 
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which is ascribed to the thicker sheathes after silver coating and the higher Young's 

modulus of the metal layer. Meanwhile, the slightly decreased elongation at break 

results from the low stretchability of metal layer and the strong interfaces between 

polymer and metal layers which may cause crack growth and propagation in sheathes 

of fibers under high stress. Overall, the above results indicate that the metalized 

membrane has robust mechanical and electrical stability, as well as the favorable 

breathability and stretchability, which ensures broad prospect in practical wearable 

applications.  

 

 

Fig. 4-30. Tensile stress–strain curves. 

 

4.4. Conclusion 

In summary, a breathable and thermoregulating fibrous membrane integrated with 

photo/electrothermal conversion and energy storage/release performance, was 

successfully prepared through coaxial electrospinning and PDA-assisted silver 

deposition technique. The complementary relationship between the solar heating and 

Joule heating effects could overcome the operational limitations of the intermittent 

availability of single input energy source (e.g., sunlight or electricity). Furthermore, the 

dual driving heating performance coupled with the thermal energy storage behavior can 

relieve the mismatch between the energy supply and demand, and expand the 

application scenarios. This highly integrated multimodal thermoregulating routes rely 

on the careful design of the hierarchically ordered coaxial architecture of the fibers, 
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which combines the core PCM, elastic sheath PU, interfacial layer PDA and the 

outermost layer of AgNPs into an efficient configuration. PDA layer not only facilitates 

the uniform, dense growth of AgNPs, but also offers an interfacial reinforcement for 

enhanced mechanical durability of the as-deposited conductive layer. Besides, the 

porous structure of the pristine phase change membrane is remained, guaranteeing a 

favorable air permeability and wearing comfort. What’s more, the density of the 

deposited AgNPs can be tuned by controlling the reduction time to customize the light 

absorbability and electrical conductivity to meet different application requirements. 

Consequently, the resulting membrane APCF40 achieved the admirable solar-heating 

effect (up to 63.2 °C at 100 mW/cm2), and the low voltage-driven Joule heating 

performance (up to 76.8 °C at 3.5 V), coupled with the thermal energy storage 

capability with a heat enthalpy of 101.1 J/g. Therefore, the flexible, breathable and 

synergistic thermoregulating fibrous membrane demonstrates a promising prospect in 

all-weather, energy saving and personalized thermal management application. 
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Tab. 4-1. Comparative performance of the thermal regulatory composites in previous literatures 

Components and 

configuration 

Solar 

heating 

Joule 

heating 

Heat 

energy 

storage 

Porous 

structure/ 

Permeability 

Ref. 

CNT/MXene crosslinking 

film 

77°C, 

1 sun 

81 °C, 

1.8 V 
× × S1 

MXene /HCFG/AgNW 

film 

125 °C, 

500mW/cm2 

(NIR) 

75 °C 

1.6 V 
× × S2 

GNP/PU film × 
63 °C 

7 V 
× × S3 

AGr/PEG6000 hydrogel × × 143.4J/g × S4 

PW/PVA hydrogel × × 126 J/g × S5 

PEG4000-derived and 

BQDO-derived 

crosslinking polyurethane 

network 

120 °C, 

2.16 sun 
× 85.2 J/g × S6 

PW absorbed in 

MXene/BC@MTMS 

aerogel 

45°C, 

1 sun 
× 93.5 J/g × S7 

PEG absorbed in 

MXene/PI aerogel 

78°C, 

1 sun 
× 167.9 J/g × S8 

PEG4000 absorbed in a 

MXene/AgNWs coated 

textile 

60 °C, 

1 sun 
× 181.1 J/g × S9 

PW/GNP absorbed in 

melamine foam decorated 

with PPy-PODS 

65 °C, 

1 sun 
× 130.6 J/g × S10 

PVA/MXene/PCCs film √ 
84 °C, 

2.5 V 
136.8 J/g × S11 

CNF/MXene/PEG film 
77°C, 

1 sun 

50 °C, 

10 V 
136.1 J/g × S12 

PP/CNT/PW/EPDM film 
40 °C, 

1 sun 

64 °C, 

6 V 
103.5 J/g × S13 

TPU/ CWO@PW fiber 

(textile) 
√ × 90.5 J/g √ S14 

MXene/silk textile 
44 °C, 

1 sun 

60 °C, 

10 V 
× √ S15 

acrylate polymeric 

@NPCM membrane 
× × 106.2 J/g √ S16 

PAN@PW membrane × × 86.7 J/g √ S17 

PEDOT@CSF textile × 
58 °C, 

6 V 
× √ S18 

AgNPs@PDA@PU@PW 63 °C 77 °C 101.1 J/g √ This 
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membrane 1 sun 3.5 V work 

HCFG: graphene oxide wrapped hollow carbon fiber; AGr: agarose; PEG: polyethylene glycol; BQDO: p-

Benzoquinone dioxime; PW: paraffin wax; PVA: polyvinyl alcohol; BC: bacterial cellulose; MTMS: hydrophobic 

modifier; PI: polyimide; AgNW: silver nanowire; PPy: polypyrrole; PODS: polymerized octadecylsiloxane; GNP: 

graphene nanoparticle; PCCs: n-octadecane phase change capsules; CNFs: cellulose nanofibrils; PP: polypropylene; 

EPDM: ethylene propylene diene monomer; CWO: Cs0·33WO3. NPCM: nano-encapsulated phase change materials;  

CSF: cotton/spandex fabric  

Note: (1) 1 sun: a sunlight-like xenon light radiation of 100 mW/cm2. 

     (2) In reference [11], the research demonstrated the solar heating performance of the samples 

 under different radiations, but it didn't record the saturation temperatures. 

     (3) In reference [14], the NIR absorption ability of the prepared phase change fibers was 

demonstrated, but the detailed saturation temperature under a specific light irradiation was 

not investigated. 
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Chapter 5: Conclusion and outlook 

5.1 Conclusion 

The traditional space heating and cooling systems result in huge energy consumption, 

owning to its inefficient use of energy that regulates the temperature of the entire 

building space. Currently, the energy crisis stimulates intensive efforts to produce next-

generation personal thermal management (PTM) textiles, because PTM strategies 

emphasize thermal management of human body and its local environment in a more 

energy-saving manner. Phase change materials (PCMs) capable of absorbing and 

releasing heat energy are attractive for maintaining a constant temperature in the PTM 

field. A high thermal management efficiency required that the PCMs can be conformed 

to the curved surface of human skin, and a permeable structure is adorable for wearing 

comfort. In this regarding, we use electrospinning to fabricate phase change fibers for 

personal thermal management, because of the inherent flexibility and permeability of 

fibrous membrane.  

As research continues, we found that the single thermal regulating effect based on 

phase change property can’t meet the thermal regulating needs of long-term, multi-

function and multi-scenario. Integrating solar and electric heating with phase change 

property based on photothermal/electrothermal conversion and energy storage is 

promising in all-weather, on-demand personal thermal management. Thus, we designed 

the hierarchical core-sheath fiber structure to assemble various functional materials into 

single fibers and maintain the porous structure of the whole membrane to ensure 

wearing comfort.  

 

(1) We presented a green strategy to construct an eco-friendly and degradable micro-

nanofibrous membranes with responsive reversal thermal regulation properties via 

electrospinning and surface crosslinking. Biocompatible and biodegradable polymer 

PVA and PEG were employed as supporting matrix and functional component, 

respectively, and toxic organic solvent were excepted from electrospinning process, 

therefore, the issue of poisonous solvent residue or recovery challenges were also 
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avoided. Subsequently, glutaraldehyde vapor was grafted or crosslinked on the surface 

of ultrafine fibers to block hydrophilic groups. The mass ratio of PEG can reach to 55 

wt% and realized an optimal melting/freezing enthalpy of 60.1/59.1 J/g, which is 

comparable to these of toxic solvent-based electrospun membranes. Furthermore, high 

conductive CNTs were integrated into composite fibers to enhance thermal conductivity 

by 40.4% than the blank one. Besides, the phase change fibrous membranes possessed 

excellent tensile elongation of 262%, overcoming the intrinsic brittleness of traditional 

PCMs, and exhibited remarkable shape tailorability and foldability. Considering the 

favorable flexibility, breathability and reasonable phase change enthalpy, the resultant 

phase change fibrous membranes exhibit great potential for further application such as 

personal thermal management textile and thermal-regulated electric system. 

 

(2) We report a fibrous membrane-based textile with tri-mode thermoregulatory 

performance that includes reversible temperature-responsive phase change property, 

solar-heating, and Joule heating effects. The integrated multimodal thermal regulating 

system is attributed to the cooperation between the intrinsic properties of the employed 

materials and the delicately designed hierarchical core-sheath fiber structure. The 

favorable thermal storage capability originated from the effective encapsulation of PW 

through coaxial electrospinning technology, where the plastic elastomer PU, as a 

protective and supportive shell, assures decent mechanical properties. The introduction 

of light absorbers of CNTs, PDA, and PEDOT:PSS through various surface 

modifications achieved a synergistic photothermal conversion, reaching a high 

saturated temperature of 70.5 °C (1 sun). Owing to the low resistance of PEDOT:PSS, 

the prepared membrane possessed an favorable electrothermal conversion performance 

with a high saturated temperature of 73.8 °C (4.2 V). The combination of phase change, 

solar-heating, and Joule heating effect enables the phase change membrane to be 

charged by either solar energy or electrical energy, and it provides multiple thermal 

regulation routes, which presents promising potential for application in wearable 

personal thermal management. 
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(3) A breathable and thermoregulating fibrous membrane integrated with 

photo/electrothermal conversion and energy storage/release performance, was 

successfully prepared through coaxial electrospinning and PDA-assisted silver 

deposition technique. The complementary relationship between the solar heating and 

Joule heating effects could overcome the operational limitations of the intermittent 

availability of single input energy source (e.g., sunlight or electricity). Furthermore, the 

dual driving heating performance coupled with the thermal energy storage behavior can 

relieve the mismatch between the energy supply and demand, and expand the 

application scenarios. This highly integrated multimodal thermoregulating routes rely 

on the careful design of the hierarchically ordered coaxial architecture of the fibers, 

which combines the core PCM, elastic sheath PU, interfacial layer PDA and the 

outermost layer of AgNPs into an efficient configuration. PDA layer not only facilitates 

the uniform, dense growth of AgNPs, but also offers an interfacial reinforcement for 

enhanced mechanical durability of the as-deposited conductive layer. Besides, the 

porous structure of the pristine phase change membrane is remained, guaranteeing a 

favorable air permeability and wearing comfort. What’s more, the density of the 

deposited AgNPs can be tuned by controlling the reduction time to customize the light 

absorbability and electrical conductivity to meet different application requirements. 

Consequently, the resulting membrane APCF40 achieved the admirable solar-heating 

effect (up to 63.2 °C at 100 mW/cm2), and the low voltage-driven Joule heating 

performance (up to 76.8 °C at 3.5 V), coupled with the thermal energy storage 

capability with a heat enthalpy of 101.1 J/g. Therefore, the flexible, breathable and 

synergistic thermoregulating fibrous membrane demonstrates a promising prospect in 

all-weather, energy saving and personalized thermal management application. 

 

5.2 Outlook 

In this work, we designed fibrous membrane-based phase change textile for personal 

thermal management. We also integrated solar heating and electric heating to the phase 

change membranes to achieve all-weather personal thermal management through 
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photo/electro thermal conversion and energy storage. However, some problems need to 

be optimized and improved: 

(1) In chapter 2, although we applied surface crosslinking treatment to improve the 

water stability of the membrane, and improved their form-stability based on the 

chemical bonding between PCM chains and supportive polymer chains, the current 

water stability can not meet the requirement for daily washing. Strong crosslinking 

will improve the water stability but decrease the heat enthalpy significantly. The 

trade-off between mechanical property and heat enthalpy is still challenging.  

(2) In chapter 3 and 4, we employed coaxial electrospinning to encapsulate the PCMs, 

but the opened ends of the core-sheath fiber face the leaking threats in long-term 

using, such as squeezing, pressing and washing. Thus, the membrane edges needed 

to be sealed in real application for better using stability. 

(3) Investigation of smart thermoregulatory textiles under synergistic parameters is 

required, and the wearability requirements such as washability, breathability, and 

biocompatibility, as well as the large-scale production capacity of smart 

thermoregulatory textiles for sustainable development are essential and needed to 

be taken into consideration. 

(4) It is necessary to establish a universally accepted set of criteria for the 

standardization community to evaluate smart thermoregulatory textiles using 

various experimental equipment, parameters, and control methods. 

(5) In addition, to enhance the thermoregulation capacity of smart thermoregulatory 

textiles from principles, a multi objective optimization model of heat and mass 

transfer that could coordinate passive and active thermoregulation strategies in 

response to microenvironmental and macroenvironmental changes is required. 
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