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A B S T R A C T   

Aerogel fibers, which are beneficial for enhancing the thermal response and preventing the leakage of phase- 
changeable materials (PCMs) during phase change process, are excellent candidates for phase-changeable tex-
tiles with excellent thermoregulating performance. Herein, polyimide/boron nitride (PI-BN) composite aerogel 
fibers with highly porous structure and good mechanical strength have been prepared by freeze-spinning tech-
nique, which could be served as the heat conduction path and skeleton for PCMs. Into the pores of the PI-BN 
aerogel textile was incorporated polyethylene glycol (PEG) by vacuum impregnation to obtain phase- 
changeable PI-BN/PEG textile. The high thermal conductivity of PI-BN skeleton could endow the quick ther-
mal response rate of PI-BN/PEG textile upon the phase change process, while the high porosity of aerogel fiber 
could allow high loading of PEG and inhibit liquid leakage during phase change process. The resultant PI-BN/ 
PEG composite textile has high thermal conductivity (5.34 W m− 1 K− 1), high enthalpy (125.2 J g− 1) and 
excellent work stability after 100 heating-cooling cycles, accounting for the desired thermoregulating perfor-
mance. Moreover, polydimethylsiloxane (PDMS) has been coated on the surface of PI-BN/PEG textile, endowing 
the textile hydrophobicity, waterproofness and washability, indicating its great potential as candidate for per-
sonal thermal management.   

1. Introduction 

Recently, thermo-regulating textiles that can be able to provide 
personal thermal management have attracted significant attention 
[1–5]. Previous studies reveal that stimuli-responsive materials espe-
cially phase change materials (PCMs) with good responses to varying 
temperature, can be used to fabricate responsive intelligent textiles so as 
to well adjust human body temperature [6,7]. Possessing a high 
enthalpy of fusion, PCMs can absorb or release heat temporarily, thereby 
producing a temporary cooling or heating effect during the phase 
change process and maintaining the microclimate in a constant tem-
perature. Application of PCMs in textiles provides a thermal barrier ef-
fect against the environmental temperature fluctuations, which make 
them exceptional candidates for fabricating intelligent thermoreg-
ulating textiles. 

Due to the inherent liquid leakage issue of PCMs in the process of 

phase change, PCMs such as paraffin, stearic acid, and polyethylene 
glycol (PEG) are usually incorporated into traditional textiles in the form 
of microcapsules by coating [8] or electrospinning [9]. For instance, 
Sánchez et al. [10] has developed the thermo-regulating textiles using 
paraffin wax microcapsules, and the as-prepared coating fabric with 35 
wt% of microcapsules showed a heat latent storage of 7.6 J g− 1. Lu et al. 
[11] has prepared a phase-changeable textile with core-sheath structure 
fabricated by coaxial electrospinning, which possesses an enthalpy of 
60.3 J g− 1 with the encapsulation efficiency of 54.3%. Yu et al. [12] has 
prepared corncoblike nanofibers by incorporating n-octadecane phase 
change capsules, which has favorable thermoregulating performance 
with phase change heat latent of 75 J g− 1. Although traditional strate-
gies abovementioned to obtain PCM-based intelligent textiles were 
relatively sophisticated, they still exist the shortcomings of low phase 
change enthalpy due to limited loading of PCM, resulting in the poor 
thermal management capability that limits their practical applications. 
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Aerogel fibers, combining the high porosity of aerogels with the large 
length-to-diameter ratio of fibers, exhibit fascinating performances such 
as good flexibility and lightweight [13]. More importantly, similar to 
bulk aerogels, the three-dimensional interconnected porous network of 
aerogel fibers with high porosity as well as large capillary force could 
allow to encapsulate a large amount of PCMs [14–16]. On the one hand, 
the high loading of PCMs in the aerogel fiber can help to increase the 
latent heat of the composite phase change fiber, which is favorable for 
enhancing the energy storage/release ability. On the other hand, the 
aerogel fiber as a skeleton can prevent the leakage of PCMs during phase 
change process due to its capillary force. In the past years, more and 
more efforts have been dedicated to develop phase-changeable aerogel 
fibers by using graphene aerogel fiber [17], silica aerogel fiber [18], 
Kevlar aerogel fiber [19], and MXene aerogel fiber [20]. For instance, Li 
et al. [17] has fabricated a graphene-aerogel-directed phase-change 
smart fibers by impregnating organic PCM into graphene aerogel fibers, 
which has tunable functions of thermal conversion and storage response 
to external stimuli. Lyu et al. [19] has obtained phase-changeable fibers 
by submerging nanofibrous Kevlar aerogel fibers in the melting 
PEG1000, which has high energy storage property with phase change 
enthalpy of 162 J g− 1. However, poor mechanical strength (tensile 
strength normally below 2.6 MPa) of current aerogel fibers may limit 
their practical applications for wearable textiles. Fortunately, polyimide 
(PI) aerogel fibers with outstanding mechanical property and excellent 
thermal stability have been prepared via different technologies such as 
freeze spinning-freeze drying [21], wet spinning-freeze drying [13], and 
sol-gel closed transition-supercritical CO2 drying [22]. Hence, PI aerogel 
fiber may be a good candidate as a skeleton for encapsulation of PCMs 
with high loading, obtaining PI-aerogel-based phase-changeable fiber. 
However, due to the inherent low thermal conductivity of organic ma-
terials, PI aerogel/PCM composite fiber may still face the key issue of 
slow thermal response rate during the phase change process [23–28]. 
Thermal conductive nanoparticles, especially boron nitride (BN) nano-
sheets with advantages of excellent thermal conductivity and chemical 
resistance, have been widely utilized for enhancing the thermal con-
ductivity of polymers [29,30]. Hence, it is still a challenge to signifi-
cantly increase the thermal conductivity of aerogel/PCM composite 
fibers without sacrificing their mechanical performance. 

Herein, an intelligent thermo-regulating textile has been reported by 
impregnating PCMs into polyimide-boron nitride nanosheet (PI-BN) 
composite aerogel fiber. Specifically, PI-BN aerogel fiber has been pre-
pared by freeze-spinning, resulting in a highly porous structure and 
excellent mechanical strength, which was suitable for preparing high- 
performance phase-changeable textile. Firstly, PI-BN aerogel fiber has 
a high thermal conductivity, due to incorporation of BN nanosheets, 
leading to quick thermal response upon external temperature change. 
Secondly, high porosity of the PI-BN composite fiber could realize high 
loading of PCMs, obtaining the phase-changeable textile with high 
enthalpy. Last but not least, the skeleton of PI-BN aerogel fiber could 
well confine the melting PCMs and prevent their leakage due to its 
capillary force. The resultant phase-changeable PI-BN/PEG composite 
textile exhibits good mechanical strength, high phase change enthalpy 
and excellent work stability after 100 heating-cooling cycles, superior to 
other PCM-based textiles reported previously. Furthermore, poly-
dimethylsiloxane (PDMS) has been coated on the textile surface, 
endowing the textile hydrophobicity, waterproofness and washability. 
Therefore, the as-prepared PI-BN/PEG textile with excellent mechanical 
and thermal-regulating property, exhibits great potential as exceptional 
candidates for intelligent personal thermoregulation. 

2. Experiment 

2.1. Materials 

Hexagonal boron nitride (h-BN) with a horizontal size of 1–2 μm was 
purchased from Aladdin Reagent. 3,3′,4,4′-biphenyl tetracarboxylic 

dianhydride (BPDA), 4,4′-oxydianiline (ODA), N, N-dimethylacetamide 
(DMAc), triethylamine (TEA), and PEG-1000 were commercially ob-
tained from Sinopharm Chemical Reagent Company Limited. Poly-
dimethylsiloxane (PDMS) precursor and its curing agent were supplied 
by Dow Corning. 

2.2. Fabrication of PI-BN aerogel fiber 

BN nanosheets were obtained via the process of thermal oxidation, 
and exfoliation method reported previously [31]. Water-swellable pol-
yamic acid (PAA) were synthesized by ODA and BPDA with the help of 
TEA according to our previous work [32,33]. The PAA-BN solutions 
containing different concentration of BN nanosheets were used as the 
spinning solution. Briefly, 1 g of PAA solid was dissolved in the aqueous 
dispersion of BN nanosheets (3, 6, 9 and 12 mg mL− 1, respectively), and 
then 0.5 g TEA as a cosolvent was added with stirring for 1 h, to obtain 
stable PAA-BN solution. Subsequently, the obtained PAA-BN solution 
was stand for another 1 h for gelation and extruded with a 
pump-controlled syringe to afford PAA-BN fiber via freeze-spinning 
process. The as-prepared PAA-BN fibers were then freeze-dried and 
sequentially heated in a tube furnace under N2 atmosphere to complete 
thermal imidization, thereby yielding PI-BN aerogel fibers. PI-BN aero-
gel fibers with different content of BN were denoted as PI-BN3, PI-BN6, 
PI-BN9 and PI-BN12, respectively. 

2.3. Fabrication of phase-changeable PI-BN/PEG textile 

PI-BN aerogel fibers were knitted to obtain PI-BN aerogel textile. 
PEG-1000 was heated at 80 ◦C in a vacuum oven to achieve complete 
melting. The as-knitted PI-BN aerogel textile was immersed in the 
molten PEG and kept overnight at 80 ◦C under vacuum to achieve 
saturated adsorption of PEG. Excess PEG attached to its surface was 
removed by the filtered paper, followed by cooling to room temperature, 
obtaining phase changeable PI-BN/PEG textile. Similarly, PI/PEG textile 
was also prepared. For endowing the textile waterproofness, PDMS was 
coated on PI-BN/PEG textile (denoted as M-PI-BN/PEG). Specifically, 
the PI-BN/PEG textile was immersed in 60 mL of anhydrous ethanol 
containing 2 g of PDMS precursor with its curing agent (0.2 g), and 
maintained at 60 ◦C for 1 h. 

2.4. Characterization 

X-ray powder diffraction (XRD) patterns were obtained with an X-ray 
Diffractometer (D2 PHASER, Germany). Fourier transform infrared 
spectra (FTIR) were recorded with a Nicolet6700 FT-IR spectropho-
tometer (Bruker Spectrum Instruments, USA). The morphology as well 
as the corresponding EDS mapping image were observed by field- 
emission scanning electron microscopy (FESEM-7500F, Japan). Me-
chanical tests were conducted in the tensile mode with an electronic 
universal testing instrument (SANS UTM2102, China). The thermal 
conductivity was tested with a TPS 2500S hot disk thermal constant 
analyzer (Swedish Hot Disk Ltd, Sweden). The thermogravimetric 
curves under nitrogen atmosphere were measured with a thermogravi-
metric analyzer (TG, Netzsch TG 209 F1 Libra, Germany). A Q20 Dif-
ferential scanning calorimetry (DSC, TA, USA) was conducted to 
evaluate the thermal properties of PEG, PI/PEG and PI-BN/PEG samples 
in the temperature range of − 10–110 ◦C at a constant heat rate of 10 ◦C 
min− 1. The relative enthalpy values were calculated via integrating sub- 
plot regions in DSC plots. Infrared thermal imaging camera (FOTRIC 
226s, China) was used to detect the temperature distribution of textiles 
on the hot stage, and the working distance was around 30 cm. The 
surface temperatures of textiles were recorded by thermal couples 
(175T2, testo Co., Ltd, China). The water contact angles were tested with 
a DSA-100S optical contact-angle system (OSA200, Germany) at room 
temperature. The porosity of PI aerogel fiber was calculated using the 
following equation: 
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P=
(

1 −
ρ0

ρ

)
× 100%  

where P is the porosity, ρ0 is the apparent density, and ρ is the skeletal 
density, which is estimated from the weighted density of polyimide and 
BN (1.57 g/cm3). 

3. Results and discussion 

Fig. 1a shows the schematic diagram for the preparation of PI-BN/ 
PEG composite textile, where the main steps include freeze-spinning, 
imidization, and infusion. Briefly, a well-dispersed PAA-BN spinning 
solution (digital photo shown in Fig. S1) was extruded from a syringe, 
and then slowly passed through a cold copper ring, to freeze the fiber 
gradually. After subsequent freeze-drying and thermal imidization, PI- 
BN fiber could be obtained with a highly porous structure. A roll of 
PI-BN aerogel fiber with light yellow color is shown in Fig. 1b, indicating 
the good spinnability and scalability. Moreover, a single PI-BN aerogel 
fiber can withstand a weight of 200 g, indicating its good mechanical 
strength (Fig. 1c). The porosity of PI-BN aerogel fibers is around 88% 
(Table S1), which is conducive to endow the high loading of PEG within 
the porous structure. With the highly porous structure and good me-
chanical strength, the PI-BN aerogel fiber can be woven into textile and 
allow to encapsulate PEG, resulting in phase-changeable PI-BN/PEG 
composite textile (Fig. 1d). The PI-BN/PEG composite textile can be 
bended and folded (Fig. 1e), demonstrating its good flexibility, 
providing the possibility as wearable clothing. 

The radial cross-sectional SEM images of PI and PI-BN aerogel fibers 
are given in Fig. 2a and b. Both PI and PI-BN aerogel fibers exhibit 
similar three-dimensional porous structure induced by freeze-drying, of 
which the pore size mainly distribute in the range of 10–100 μm. And BN 
nanosheets is distributed homogeneously among the PI-BN aerogel fiber, 
as evidenced by relevant TEM image (inset in Fig. 2b) and EDS element 
mappings (Fig. 2c). The mechanical properties of PI and PI-BN aerogel 
fibers were characterized by stress-strain curves shown in Fig. S2. As 
shown in Fig. S2, PI-BN aerogel fibers exhibit higher tensile strength 
than pure PI aerogel fiber. In particular, the PI-BN6 aerogel fiber has an 
optimized tensile strength of up to 26 ± 0.7 MPa. Besides, the thermal 

conductive performance of PI-BN aerogel fibers with different content of 
BN nanosheets was evaluated by infrared pictures as shown in Fig. S3a. 
The as-prepared aerogel fibers were placed on a hot stage (150 ◦C) and 
the temperature difference (|ΔT|) between the fiber surface and the hot 
stage was summarized in Fig. S3b. Compared with pure PI aerogel fibers, 
the PI-BN6 aerogel fibers show a largely decreased |ΔT|, indicating the 
significantly improved thermal conductivity due to the incorporation of 
BN nanosheets. However, further increasing the content of BN nano-
sheets in the aerogel fiber only shows a slight decrease of |ΔT|. There-
fore, combined with the corresponding mechanical strength, PI-BN6 
aerogel fiber is selected to fabricate PI-BN aerogel textile for further 
research. 

After the incorporation of PEG, PEG was fully infused in the PI-BN 
aerogel fibers, in association with the disappearance of the porous 
structure upon the PEG incorporation (Fig. 2d). For determining the 
components of the as-prepared fibers, the corresponding FTIR spectra 
are shown in Fig. 2e. As for the FT-IR spectra, PI aerogel fiber has the 
typical characteristic absorption peaks at 1711 cm− 1 and 1773 cm− 1, 
which are respectively attributed to the symmetrical and asymmetrical 
stretching of the C=O group. Besides, the absorbance band at 1367 cm− 1 

is corresponded to the C–N stretching vibration of imide rings [13]. 
Different from pure PI fiber, B–N–B out of plane bending vibration at 
805 cm− 1 assigned to the BN nanosheets is appeared for the spectra of 
PI-BN aerogel fiber, indicating the successful incorporation of BN 
nanosheets [31]. As for PI-BN/PEG composite fiber, the appearance of 
C–H vibration peaks at 2923 cm− 1 prove the incorporation of PEG in 
PI-BN aerogel fiber [34], reflecting the successful preparation of 
PI-BN/PEG composite fiber. The thermal stability of PI-BN/PEG aerogel 
fibers and the content of PEG within the phase-changeable composite 
fiber were evaluated by TGA (Fig. 2f) and corresponding data were 
summarized in Table S2. As depicted in Fig. 2f, PI aerogel fiber exhibits 
excellent thermal stability and undergoes thermal decomposition 
around 500–600 ◦C with 33.6 wt% char residue at evaluation temper-
ature [35]. Compared with the pristine one, PI-BN composite aerogel 
fiber has the similar decomposition trend, which has higher residue of 
53.8 wt% at 800 ◦C, due to the incorporation of BN nanosheets. Different 
from PI and PI-BN aerogel fiber, the phase-changeable PI-BN/PEG 

Fig. 1. Fabrication of phase-changeable PI-BN/PEG composite textile. (a) Schematic illustration of the preparation of PI-BN/PEG textile. (b) Digital photos of PI-BN 
aerogel fiber. (c) Optical image showing a PI-BN aerogel fiber hanging 200 g weight, indicating its high strength. (d, e) Optical image of the as-prepared PI-BN/ 
PEG textile. 
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composite fiber undergoes thermal decomposition around 350 ◦C, due to 
the decomposition of PEG. According to the residue of the TGA curves, 
the loading (mass fraction) of PEG in the PI-BN/PEG composite fiber is 
as high as 89.0%, which is beneficial for high phase-change enthalpy. 

High thermal conductivity and high phase change enthlpy are two 

key factors for phase-changeable textiles. As dipicted in Fig. 3a, with the 
incorporation of BN nanosheets, PI-BN/PEG textile has much enhanced 
thermal conductivity (5.34 W m− 1 K− 1) as compared with that of PI/PEG 
(0.44 W m− 1 K− 1), contributing to the quick response rate in the process 
of phase change and higher latent heat retention of PCM. The melting 

Fig. 2. Microstructure and properties of PI-BN/PEG composite fibers. (a) Radial cross-sectional SEM images of PI aerogel fiber. (b) Radial cross-sectional SEM image 
as well as TEM image (inset) of PI-BN aerogel fiber, and (c) corresponding EDS images. (d) Radial cross-sectional SEM image of PI-BN/PEG fiber. (e) FTIR spectra and 
(f) TG curves of the as-prepared PI-based composite fibers. 

Fig. 3. Thermal conductivity and phase change enthalpy of PI-BN/PEG textile. (a) Thermal conductivity of PI, PI/PEG and PI-BN/PEG textile at room temperature. 
(b) DSC curves and (c) corresponding enthalpy of PEG, PI/PEG and PI-BN/PEG textile. (d) Comparison of latent heat retention as well as thermal conductivity of PI- 
BN/PEG textile with other PCM-based composites reported previously. 
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point and phase change enthalpy of PI-BN/PEG textile measured by DSC 
are provided in Fig. 3b and c, and the corresponding data are summa-
rized in Table S3. The as-prepared PI-BN/PEG textile has a melting 
temperature (Tm) of about 29.0 ◦C (Fig. 3b), close to human body 
temperature, which could be potentially applied as personal thermo-
regulating textile with phase-changeable performance. In addition, the 
PI-BN/PEG texitle has a high phase change enthalpy of 125.2 J g− 1, just 
a little smaller than that of PEG (145.8 J g− 1) and much higher than that 
of PI/PEG (93.5 J g− 1), which is ascribed to the high loading of PCM 
(89.0%) and high thermal conductivity of the PI-BN skeleton. As shown 
in Table S4, the enthalpy of PI-BN/PEG textile is superior to that of other 
phase changeable textiles previously reported [36]. More importantly, 
the latent heat retention of our textile is as high as 86% with high 
thermal conductivity of 5.34 W m− 1 K− 1, which were much superior to 
those of PCM-based reported previously shown in Fig. 3d [37–43]. 
Therefore, the PI-BN/PEG texitle with large phase change enthalpy 
contributes to high energy storage capacity, which, in combination with 
the relatively appropriate melting temperature, is expected to be a smart 
textile for personal thermal management. 

The working stability of phase-changeable textiles is critical to their 
practical applications. The thermal stability of PI-BN/PEG textile after 
20, 40, 60, 80, and 100 heating-cooling cycles was evaluated by DSC 
tests. As shown in Fig. 4a and b, the melting/freezing temperature of PI- 
BN/PEG textile stays at 29.0 ◦C/23.3 ◦C and varys slightly after 100 
heating-cooling cycles. Besides, the PI-BN/PEG textile possesses high 
melting phase change enthalpy of 124.9 J g− 1 after continuous 100 
cycles without obvious change, which demonstrates its good thermal 
stability during alternate heating-cooling cycles (Fig. 4c and d). The 
SEM images of the PI-BN/PEG fiber before and after 100 heating-cooling 

cycles are presented in Fig. 4e. The PI-BN/PEG fiber retains almost the 
original morphology after 100 heating-cooling cycles, illustrating its 
good structural stability, which can be attributed to the strong capillary 
force of the aerogel fibers that firmly fixes PEG within the porous 
structure. As shown in Fig. 4f, PEG is melted into liquid in association 
with the damage of its shape when heated above the melting point of 
PEG (80 ◦C). In contrast, no obvious leakage of PEG is observed for the 
PI-BN/PEG textile under the same condition, indicating that PEG is 
firmly encapsulated in the PI-BN/PEG textile, which features excellent 
stability and repeatability for thermoregulation. 

As a proof of concept for evaluating the thermoregulation property of 
PI-BN/PEG textile in practical conditions, the surface temperature of 
textile were recorded by the infrared thermal camera as well as ther-
mocouple by placing it on a temperature-adjustable stage, simulating 
the variable temperature environment. The stage was first heated from 
25 ◦C to 80 ◦C and then cooled to 25 ◦C. Fig. 5a gives the corresponding 
infrared thermal images of commercial cotton, PI/PEG and PI-BN/PEG 
textiles at different moments on the hot stage during the heating and 
cooling. As shown in Fig. 5a, different from comercial cotton, PI/PEG 
and PI-BN/PEG textile both have obvious delay in temperature change 
during heating and cooling process, which corresponds to the latent heat 
storage upon the liquification and heat release upon the solification of 
PEG. Especially, PI-BN/PEG textile has higher temperature than that of 
PI/PEG at time of t1 (beginning of melting phase change process), which 
is due to the high thermal conductivity of PI-BN aerogel fiber by 
incorporating BN nanosheets, leading to the quick response rate during 
the process of phase change. Besides, the surface of PI/PEG and PI-BN/ 
PEG textile are just 38.0 ◦C and 41.6 ◦C at the time of t2 (ending of 
melting phase change process), much lower than that of commercial 
cotton (58.3 ◦C), reflecting the excellent cooling effect in the hot envi-
ronment. During the cooling process, PI-BN/PEG also exhibits much 
higher surface temperature than that of commercial cotton and PI/PEG 
at the time of t4 and t5, with 9 ◦C higher than that of commercial cotton, 
indicating its outstanding warming property with quick response rate in 
cold environment. The corresponding variations of surface temperature 
of the textiles on the hot stage were further recorded by thermocouple 
and the temperature-time curves are shown in Fig. 5b. As shown in 
Fig. 5b, different from that of commercial cotton, the curves of phase- 
changeable PI/PEG and PI-BN/PEG textiles both present a obvious 
platform around 32.0–37.0 ◦C during the process of heating and cooling, 
corresponding to the phase change temperature of PEG, well con-
sistenting with relevant DSC curves. It is worth noting that the slope of 
the temperature-time curve of PI-BN/PEG is larger than that of PI/PEG 
at the beginning of heating process, which is due to the high thermal 
conductivity of PI-BN that could accelerate the thermal response of the 
fibers. The enhanced thermal response rate could promote the occur-
rence of the phase change process, thereby realizing rapid and intelli-
gent temperature adjustment. Besides, PI-BN/PEG has longer 
temperature platform (~350 s) during both heating and cooling than 
that of PI/PEG (~220 s), corresponding to its higher phase change 
enthlpy, which could postpone the temperature change upon the change 
of environment temperature. Additionally, when the heating-cooling 
process is repeated, the phase-changeable textile still exhibits stable 
surface temperature as that of before, corresponding to excellent reli-
ability for thermoregulation of the PI-BN/PEG textile. Moreover, the 
stability of PI-BN/PEG textile is further tested during the 10 heating- 
cooling cycles (Fig. S4), and the equilibrium surface temperature of 
PI-BN/PEG textile is recorded in Fig. 5c. When the hot stage temperature 
is adjusted within the range of 25.0–80.0 ◦C, the textile surface tem-
perature is within the range of 25.5–70.6 ◦C, which indicates that the PI- 
BN/PEG textile exhibits outstanding cycling stability for long-term 
thermoregulation. 

The thermoregulating mechanism of the phase-changeable PI-BN/ 
PEG textile is illustrated in Fig. 5d. Briefly, the phase-changeable PI-BN/ 
PEG textile can be quickly liquified under a hot environment, thereby 
storaging heat energy during the melting phase change process and 

Fig. 4. The cycling stability of phase-changeable PI-BN/PEG textile. DSC 
curves of PI-BN/PEG textile after different (a) heating and (b) cooling cycles. 
Enthalpy of PI-BN/PEG textile after different (c) heating and (d) cooling cycles. 
(e) Cross-sectional SEM images of PI-BN/PEG textile before and after 100 
heating/cooling cycles. (f) Optical image of PI-BN/PEG and PEG at 80 ◦C for 0 
min and 10 min. 
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preventing noticeable increase of temperature. Under very cold envi-
ronment, vice versa, the phase-changeable PI-BN/PEG textile would be 
solidified to release heat, thereby preventing significant decrease of 
temperature. The superior thermoregulating performance is mainly 
based on the following several factors. Firstly, the high thermal con-
ductivity of PI-BN skeleton could endow the quick thermal response rate 
of PI-BN/PEG textile upon the occurrence of phase change process, 
presenting superior temperature sensitivity as well as quick heat transfer 
rate for the phase change process. Furthermore, this high thermal con-
ductivity of PI-BN will significantly improve the latent heat retention of 
PCM, leading to a large phase change enthalpy. Secondly, the large 
phase change enthalpy enables PI-BN/PEG textile to postpone the tem-
perature change in the hot or cold environment for efficient thermo-
regulating performance. Moreover, the appropriate melting point of PI- 
BN/PEG textile that close to the comfortable body temperature, makes 
them have great potential for achieving the thermal comfort of the 
wearer. 

The waterproof behavior as well as moisture permeation of PI-BN/ 
PEG textile are also key factors in terms of its practical thermoreg-
ulating applications. For protecting the hydrophilic PI-BN/PEG aerogel 
textile against moisture or water penetration, a hydrophobic protection 
layer of PDMS was coated on the surface of PI-BN/PEG textile (M-PI-BN/ 
PEG), and the corresponding FTIR spectra evidenced the successful 
coating (Fig. S5). Fig. S6 compares the moisture permeation of PI-BN/ 
PEG, M-PI-BN/PEG and commercial cotton. Although the moisture 
permeation of M-PI-BN/PEG textile is slightly lower than that of PI-BN/ 

PEG, it still shows a similar performance as commercial cotton, suppling 
good breathability for wearers. As shown in Fig. S7a, the water contact 
angle of PDMS coated PI-BN/PEG textile is around 92.7◦, corresponding 
to hydrophobic property. The hydrophobic property endows the textile 
excellent waterproof performance, which shows resistance to various 
liquids, such as milk, tea and coffee (Fig. S7b). Moreover, for evaluating 
the washing durability, the textile was washed in water and dried 
repeatedly for 50 cycles, and the weight changes of the textile before and 
after washing were shown in Fig. S8. The textile has almost no weight 
loss after washing for 50 times, exhibiting excellent washing durability 
as well as waterproof ability. In addition, the M-PI-BN/PEG textile still 
keeps a high thermal conductivity of 4.41 W m− 1 K− 1, only slightly 
lower than that of PI-BN/PEG textile (5.34 W m− 1 K− 1), indicating its 
favorable thermoregulating properties after coating PDMS, which could 
broad its practical application as washable clothing for efficient thermal 
management. 

4. Conclusions 

In summary, phase-changeable PI-BN/PEG textile with enhanced 
thermal conductivity, high phase change enthalpy, advanced flexibility 
is prepared via freeze-spinning technique in combination with vacuum 
impregnation. Benefiting from the high thermal conductivity of BN, 
good mechanical property of PI, combined with high porosity and 
capillary force of PI-BN aerogel fiber, the resultant phase-changeable PI- 
BN/PEG textile exhibits high melting enthalpy (125.8 J g− 1) and high 

Fig. 5. Thermal regulating properties of PI-BN/PEG textile. (a) Infrared thermal images of cotton, PI/PEG and PI-BN/PEG textiles during heating and cooling process. 
(b) The temperature-time curves of cotton, PI/PEG and PI-BN/PEG textiles recorded by thermocouple. (c) The cycling stability of PI-BN/PEG textile on the hot stage 
with the temperature range from 25 to 80 ◦C. (d) Schematic illustration of the thermoregulating performance of PI-BN/PEG textile. 
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thermal conductivity (5.34 W m− 1 K− 1) without leakage during the 
phase change process. Consequently, the PI-BN/PEG textile has rapid 
thermal response with longer temperature platform, which could post-
pone the temperature change upon the change of environment, offering 
feasible choice for personal cooling/heating in the variable temperature 
environment. In addition, the phase-changeable PI-BN/PEG textile ex-
hibits excellent cycling stability and retains a high phase change 
enthalpy after 100 heating-cooling cycles. Moreover, PDMS, as a 
waterproof layer, was adhered on the surface which endows the phase- 
changeable textile hydrophobicity, waterproofness and washability, 
exhibiting great potential for the next generation of intelligent 
garments. 
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