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Thermally insulating and flame-resistant fibers/textiles have drawn enormous attention attributing to their great
application prospects in personal thermal management and protective clothing. Nevertheless, conventional
natural fibers and synthetic fibers are insufficient for advanced thermal regulation. Herein, an in-situ poly-
merization method and wet-spinning technique are employed for the continuous and scalable fabrication of
polyimide (PI) aerogel fibers utilizing monolayered TisCqTy flakes as the pore-generating agents. Benefiting from
the intimate interfacial interaction between MXene and the macromolecular chains, hierarchical porosity is
constructed in the composite aerogel fibers due to the confinement of the interconnected PAA/Ti3CyTx networks
during liquid-solid phase separation. As a result, the PI/Ti3CyTx aerogel fibers manifest significantly enhanced
mechanical properties (tensile strength of 26 MPa), large specific surface area (145 m? g’l), excellent flame
resistance, and remarkable thermal insulation performance (with a low thermal conductivity of 36 mW m!
K1), which can be readily weaved into flexible textiles for practical thermal regulating applications. This
approach is expected to pave a new way for the fabrication and application of high-performance thermal
insulating fibers and textiles.

1. Introduction

Human thermal comfort is not only of great significance to physical
and mental health, life safety, and social production efficiency, but also
greatly affects the energy consumption of building heating, ventilation,
and air conditioning (HVAC) systems [1-3]. Moreover, infrared stealth
in the military field is an important guarantee to increase the surviv-
ability of weapons on the battlefield, which has a wide range of appli-
cations in the areas of the individual soldier or UAV system [4-6]. As the
medium between the ambient and human body, textiles play a vital role
in heat conduction and insulation for personal thermal regulation. A
variety of conventional fibers/textiles including natural fibers [7,8]
(cotton fibers, wool fibers, silk fibers) and synthetic fibers [9,10] (such
as polyester fibers, polyolefin fibers, polyamide fibers, polyacrylonitrile
fibers et al.) have been fabricated to meet the various wearing ac-
quirements of people, which can hardly satisfy the rigorous conditions
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for advanced thermal regulation. Therefore, developing new strategies
and novel materials for high-performance thermal management is
highly necessary and promising in both academic and industrial
communities.

Recently, structure-engineered synthetic fibers with hollow
morphology and ultrafine diameters were fabricated for improved
thermal insulation. It is proved that the large surface area provided by
the hollow interior and thinner fibers are highly beneficial for air trap-
ping [11]. It is also reported that the thermal insulation performance of
fibers is especially dependent on their density, porosity, and pore size
[12]. Aerogel is one kind of porous bulk material featuring ultra-low
density and high porosity, possessing wide applications in adsorbing
material, energy storage electrodes, and heat-insulating materials
[13-18]. Integrating the advantages of aerogels and fibers/textiles, the
burgeoning aerogel fibers featuring excellent thermal and electrical
conductivity, as well as high porosity, e.g., graphene aerogel fibers,
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silica and cellulose aerogel fibers, have demonstrated great potential in
smart fabrics, acoustic applications, thermal insulation materials, etc.
[19,20]. For example, Zhang and coworkers [21] reported a robust and
flexible polyimide aerogel fiber through a sol-gel confined transition
strategy, which manifested excellent thermal insulation performance
due to the high surface area (up to 364 m? g’l). Bai et al. [22] used a
freeze-spinning technique to continuously fabricate silk aerogel fibers
with porous structures mimicking the polar bear hair, the biomimetic
fibers and woven showed excellent thermal insulation properties and
good air permeability. Researchers also fill the fibers with thermal
insulation materials to effectively reduce thermal conductivity by
improving the scattering of phonons at the solid-solid and solid-gas in-
terfaces [23,24]. However, previously reported aerogel fibers often
suffer from a performance compromise between mechanical strength
and thermal insulation properties.

Polyimide (PI) with excellent thermal insulation, low dielectric
constant, and excellent mechanical properties possess great potential in
the fabrication of high-performance polymeric aerogels [25-27]. In this
work, we report the thermal insulating and flame-resistive PI1/TizCyTx
aerogel fibers through the continuous wet-spinning of in-situ polymer-
ized polyamic acid (PAA)/Ti3CeTx composite solution. Taking advan-
tage of the intimate interfacial interaction between Ti3CoTy flakes and
the macromolecular chains, hierarchical porosity is engineered in the
composite aerogel fibers due to the confinement of the interconnected
PAA/Ti3gCyTx networks during liquid-solid phase separation. Fabricated
aerogel fibers not only possess multi-scale porosity and excellent me-
chanical properties, and also manifest desirable thermal insulation and
flame-resistance performance. More importantly, obtained PI/TizCyTx
aerogel threads can be readily weaved into thermo-regulating textiles
for wearable applications. Considering the feasibility, scalability, and
functionality of prepared PI aerogel fibers, this work can help the
development of next-generation synthetic fibers and textiles for thermal
management.

2. Experimental
2.1. Materials

4,4'-oxidianiline (ODA, 98%), N,N-dimethylacetamide (DMAc,
99.8%), and triethylamine (TEA, >99.5%) were obtained from Adamas
Reagent Co., Ltd. Pyromellitic dianhydride (PMDA, >98.5%), 37 wt %
hydrochloric acid (HCI), and ethyl alcohol (99.5%) were purchased from
Sinopharm Chemical Reagent Co., Ltd. Ti3AlCy (400 mesh) was supplied
by Jilin 11 Technology Co., Ltd. Lithium fluoride (LiF, 99.995%) was
bought from Aladdin Chemistry Co., Ltd, China.

2.2. In-situ polymerization of PAA/TisCaTy

TigCaTx was synthesized using the minimally intensive layer
delamination (MILD) method by etching the Al layer from TizAlC; MAX
powder. Briefly, 2 g LiF was dissolved in 40 mL 9 M HClI solution in a
polytetrafluoroethylene container, followed by stirring for 30 min at
room temperature. 2 g TizAlCy; powder was then slowly added to the
above solution under magnetic stirring at 35 °C for 24 h. Obtained
blackish sediment was washed several times under 3500 rpm centrifu-
gation for 10 min until the pH reached approximately 6. The neutral
Ti3CeTy sediment was then re-dispersed in ethyl alcohol under ultra-
sonication for 1 h to form the monolayered TigC,Tx suspension. TizCaTx
powder was finally produced by freeze-drying at —60 °C for 120 h.

PAA/Ti3CyTx solution was prepared via an in-situ polymerization
technique. To start with, freshly synthesized Ti3CoTyx powder was
dispersed in 96 g DMAc under ultrasonication for 1 h to form the sus-
pensions with different Ti3CoTx concentrations. Then, 8 g ODA was
dissolved in the suspension, and 8.8 g PMDA was subsequently added to
the solution and stirred in an ice bath for 3 h. Finally, 4 g TEA was
dropwise added into the above mixture and stirred for 5 h. Obtained
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composite solutions were denoted as PAA/TizCoTx-x (x = 2, 5, 10), in
which x represents the weight percentage of the Ti3CyTx in the total
weight of ODA and PMDA. For comparison, a neat PAA solution was also
prepared without the addition of MXene.

2.3. Wet-spinning of P1/Ti3CxTy aerogel fibers

The freshly prepared PAA/Ti3CoTy solution was pumped into a DI
water coagulation bath using a 23-gauge blunt-tip spinneret. The flow
velocity was regulated using a syringe pump (1-3 mL min!). A home-
made receiving roller driven by a gearmotor was utilized to collect the
fibers, generated fibers were finally transferred into DI water to
completely remove the residual solvent in PAA. The collecting speed of
the roller was set at 1.5 mm s ™! to ensure optimized fiber uniformity and
complete coagulation. Neat PAA fibers were also spun through the same
procedure. The PAA/Ti3CyTx fibers and PAA fibers were eventually
thermal imidized in an oven. To guarantee full imidization, the tem-
perature was gradually raised at a rate of 2 °C min™! and held at 100,
180, and 250 °C for 30, 30, and 120 min, respectively, before cooling.

2.4. Characterization

Morphologies of the fibers were observed by scanning electron mi-
croscopy (SEM, Hitachi, S4800). The cross-section surfaces were created
by submerging the fiber in liquid nitrogen for 1 min and then fracturing
it. The distribution of elements on the samples was scanned by EDS. The
chemical structures of the samples were analyzed using a Fourier
transform infrared spectroscopy (FTIR, Thermo Electron Corporation,
Nicolet 6700). X-ray diffraction (XRD) patterns of the samples were
collected on an AXS diffractometer (Bruker, D8) with Cu Ka generated at
40 kV and 40 mA at a scanning rate of 0.05° s~ over a 20 range of
5°-90°. The infrared thermal images were taken by a thermal imager
(Fluke, Ti400+). Thermal conductivity was determined by a hot disk
thermal analyzer (Hot Disk TPS 2500S, Sweden) based on the transient
plane source method (ISO 22007-2:2015). Thermogravimetric analysis
(TGA) was carried out on a DSC/TG synchronous thermal analyzer
(Mettler Toledo, 1100SF). The mechanical properties of the fibers were
measured using a tensile testing instrument (Suns, UTM2203) equipped
with a 5 N load cell. The pore structure and pore size distribution of the
samples were analyzed by the BJH nitrogen adsorption and desorption
method (Quantachrome, Autosorb iQ2). The specific surface area of the
samples was determined at 77 K by the BET method.

3. Results and discussion

Due to the high viscosity of polyimide (PI) and polyamic acid (PAA,
percussor of PI), it is very difficult to realize the uniform dispersion of
monolayered MXene in PAA and PI. Hence, an in-situ polymerization
technique was employed in this work to prepare a homogeneous PAA/
Ti3CyTx spinning solution by conducting PMDA/ODA polymerization in
Ti3CaTx/DMAc dispersion (Fig. 1(a)). To start with, TizCyTy flakes with
single-/few-layered structure were successfully synthesized via mild
etching and exfoliation. It can be seen from Fig. S1(a) that the freshly-
synthesized MXene was evenly dispersed in DMAc with an obvious
Tindal effect. Besides, the lateral dimension and thickness of the MXene
flake characterized by AFM were approximately 2.0 pm and 2.8 nm,
respectively, demonstrating the monolayered structure of the flakes
(Fig. S1(b) and S1(c)). After that, PAA/Ti3CyTx solutions with different
MXene mass fractions were prepared by controlling the MXene content
in the DMAc solvent. As shown in Fig. S2, prepared PAA/Ti3CyTy solu-
tions exhibit homogeneous greyish appearances, the viscosity of the
composite solution decreases significantly with the increase of MXene
fraction.

A homemade wet-spinning apparatus was then utilized to fabricate
the PAA/Ti3CyTy fibers through a coagulation bath of DI water (Fig. 1(b)
and S3). As presented in Video S1, the black fibers can be continuously
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Fig. 1. (a) Schematic for the in-situ polymerization of PAA/Ti3C,Ty spinning solution. (b) Illustration of the wet-spinning process. (c¢) Digital photograph of the
freshly-prepared PAA/TizC,Tx-5 composite fibers. (d) Digital photographs of the P1/Ti3C,Tx-5 composite fibers, and (e) the weaved textiles. (f-i) Cross-sectional SEM
images of the PI/Ti3C,Ty-5 aerogel fibers, and (j) corresponding elemental mapping.

generated through the orifice using the PAA/Ti3CyTy solutions, which
were collected on a steel roller for further thermal imidization (Fig. 1
(c)). Obtained PI/TizCoTx-5 composite fibers manifested great shape
uniformity and decent mechanical strength, which can be weaved to
large-size PI/Ti3CyTy textile for further applications (Fig. 1(d) and (e)).
SEM image in Fig. 1(f) reveals the circular cross-section of wet-spun P1/
TigCyTx-5 fibers, from which abundant pores and voids can be observed
existing in the composite fiber. It is also interesting to find that the pore
size decreased from the center to the edge (Fig. 1(f)), which may be
ascribed to the gradual solvent exchange during the spinning process.
More excitingly, hierarchical porous structures are verified by high-
resolution SEM observation in Fig. 1(g)-1(i). It is demonstrated that
the matrix of PAA/Ti3CyoTy fiber is filled with honeycomb-like micro
voids with a size of about 20 pm. Whereas, the wall of the macro pores
presents a completely different stoma-like porosity with a mean diam-
eter of about 2 pm. According to a previously reported work by Zhu

et al., the hollow structure in the center of PI/Ti3C,Tx aerogel fiber may
be stemmed from the progressive diffusion of PAA outward with DMAc
in the coagulating bath [28]. Further elemental mapping on the
cross-section shows the uniform distribution of the Ti element, verifying
the successful hybridization of MXene in the fiber (Fig. 1(j)).

Supplementary data related to this article can be found at https://do
i.org/10.1016/j.coc0.2022.101429.

The morphologies of pure PI, PI/Ti3CyTx-2, and PI/TizCyTx-10 fibers
are also carefully characterized in Fig. 2(a)-2(1). The optical images
indicate that the color of the fibers gradually deepened with increasing
the weight percentage of Ti3CyTy. Same as PI1/Ti3CoTy-5, all of these fi-
bers present relatively uniform circular shapes and porous structures in
the cross-section. As for the pores in the matrix and on the macro-pore
walls, significant differences can be seen for the wet-spun fibers with
varied MXene content. Specifically, apart from the macro pores in the
cross-section, neat PI fibers show poor porosity with few voids in both
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Fig. 2. Digital photographs and cross-sectional SEM images of different wet-spun fibers: (a-d) pure PI fiber, (e-h) P1/Ti3C,T-2 aerogel fiber, and (i-1) PI/Ti3C;Ty-10
aerogel fiber. N, adsorption-desorption curves and corresponding pore distributions: (m) pure PI fiber, (n) PI/TizC,Tx-2 aerogel fiber, (0) PI/TizCyTx-5 aerogel fiber,

and (p) PI/Ti3C,Ty-10 aerogel fiber.

regions. However, the above situation is largely improved after the
addition of only 2 wt% MXene, the PI/Ti3CyTx-2 composite fiber man-
ifests well-defined porous morphologies both in the matrix and macro-
pore walls. Further increase in the Ti3CyTx content yields the same
hierarchical porous structure in PI/Ti3CTx-10, despite the significant
decrease of the fiber diameter due to the lower viscosity of the PAA/
TigCaTx-10 solution. Finally, the specific surface areas and pore-size
distributions of pure PI, PI/Ti3CyTx-2, PI/Ti3CyTx-5, and PI1/Ti3CyTy-10
fibers were studied using Ny adsorption-desorption technique. As pre-
sented in Fig. 2(m)-2(p), the specific surface area of PI/Ti3CyTyx aerogel
fibers increases steadily with the MXene content from 16.7 m? g~! (PI
fiber), 42.3 m? g~! (PI/TizCyTy-2 fiber), 76.4 m? g~! (PI/TizC,Ty-5
fiber), to 145 m? g1 (P1/Ti3CyT,-10 fiber). The above results indicate
that the MXene flakes play a vital role in the formation of micro-pores in
the aerogel fibers.

The structural features of the PI/Ti3CyTy aerogel fibers were sys-
tematically studied by XRD and FTIR. As displayed in Fig. 3(a), an
amorphous diffraction peak at ~20° in the spectrum of PI is ascribed to
the dehydration cyclization of the PAA precursor after imidization.
Ti3Cy Ty exhibits a characteristic sharp peak located at about 6.3°, which
appears in the spectrum of PI/Ti3CoTy and PI/Ti3CoTy but with signifi-
cantly weakened peak intensity, indicating the crystalline structure of
Ti3CyTy is influenced after hybridizing with PI. Fig. 3(b) displays the
FTIR spectra of different samples. The absorption peaks of pure PAA at
1498 cm™, 1539 em ™!, 1650 cm ™!, 3055 em ™!, and 3261 cm ™" can be
readily indexed to the C-N, C=C, C=O0, -OH, and N-H groups on PAA

chain. The N-H and -OH peaks disappear after thermal imidization
under 300°C, confirming the successful imidization of PAA. After the in-
situ polymerization of PAA in MXene dispersion and subsequent thermal
treatment, most of the absorption peaks disappear significantly, while
the peaks of C=0, C-N, and C—C shift to lower wavenumbers, which
can be attributed to the strong hydrogen bonding between the = O/-NH
groups on PI and the -OH groups on Ti3CyeTy flakes (Fig. 3(c)). The
possible pore-forming mechanism is schematically illustrated in Fig. 3
(d). It is speculated that MXene flakes can form intimate bonding with
PAA chains through the strong hydrogen bonding between the amino
groups on PAA and the hydroxyl groups on MXene, resulting in the
evenly distributed interconnected MXene networks in the PAA matrix.
During the coagulation process in a water bath, the diffusion of DMAc
molecules will be restricted in limited spaces due to the confinement of
PAA/Ti3CyTy networks, thus leading to the liquid-solid phase separation
in the composite fibers, and finally giving birth to the hierarchical
porosity after removal of DMAc after heat treatment.

To investigate the thermal stability of the PI/Ti3CyTy aerogel fibers,
TGA was performed in nitrogen at a heating rate of 20 °C min~. As
shown in Fig. 3(e), the thermal decomposition process of the above
materials can be divided into two steps, the slight weight decrease
caused by the evaporation of adsorbed water and the decomposition of
surface groups at around 300 °C, and massive weight loss at
525°C-625°C due to the thermal decomposition of polyimide. The
weight loss of Ti3CyTx mainly comes from its dehydration reaction
Ti-OH + Ti-OH—H20 + Ti-O-Ti [29]. Besides, the PI/Ti3CyTx-10
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Fig. 3. (a, b) XRD patterns and FTIR spectra of different samples. (c) Illustration of the hydrogen bonding between PI and MXene. (d) The proposed mechanism for
the formation of porosity in P1/Ti3C,Ty aerogel fibers. () TGA curves of different fibers. (f, g) Mechanical properties of the wet-spun fibers.

aerogel fibers exhibit the highest residue weight due to the largest mass
percentage of MXene. Apart from that, porous structures within the
aerogel fibers can significantly improve the thermal stability because of
the discontinuity of heat conduction. Mechanical strength is crucial for
the practical applications of PI aerogel fibers and textiles. Therefore,
tensile tests were performed on the aerogel fibers with different mass
fractions of Ti3CeTx with results shown in Fig. 3(f) and (g). Excitingly,
PI/Ti3CyTx-2 and PI/Ti3CyTx-5 aerogel fibers exhibit significantly
increased tensile strength (24.0 MPa and 26.0 MPa) and elongation
(13.0% and 13.5%) compared with pure PI fiber (17.5 MPa and 11.3%),
which is possibly contributed by the intimate interfacial interaction
between MXene flakes and PI macromolecular chains. However, when
the mass fraction of Ti3CyTy rise to 10 wt%, the tensile strength and
elongation decrease sharply to 6.0 MPa and 10%, respectively, this
phenomenon is caused by the excessive filling content of Ti3CyTy flakes
in the PI matrix, which may inhibit the necessary linking between PI
chains. Considering the excellent porosity and the best mechanical
properties of PI/Ti3CoTy-5 threads, it is concluded that appropriate
MXene incorporation is highly beneficial for the formation of robust
PlI-based aerogel fibers. As a result, the PI and PI/Ti3CyTx fibers can be
easily weaved into flexible fabrics for diverse practical applications
(Fig. S4). The digital photographs shown in Fig. S5 indicate the textiles
woven by densely arranged fibers manifest excellent bendability
without any damage.

Flame resistance is an essential property for the PI/Ti3C,Ty aerogel
fibers in many high-temperature applications, especially for protective
clothing [30]. Hence, the ignition tests were performed on the PI fiber
and different PI/Ti3CoTx aerogel fibers to compare their flame-resisting

performance. As detailly listed in Fig. 4(a), neat PI fiber is ignited after
contacting with the flame in a short time (in about 0.5 s), which keep
burning with a length of about 5 mm even if the fire is moved away.
Meanwhile, the PI/TizCoTy-2 fiber and the PI/Ti3CyTx-5 fiber also can be
ignited but with a smaller flame, which self-extinguish instantly after the
fire is withdrawn, implying the addition of MXene flakes in the PI matrix
can largely improve the flame resistance capability of the aerogel fibers.
It is also notable that the burning length of PI1/Ti3CyTy-5 aerogel fiber
was significantly shorter than that of P1/Ti3CyTy-2 fiber, which is highly
correlated with the increased mass fraction of MXene in the PI matrix. As
expected, the PI/Ti3C2Tx-10 fiber with the highest MXene incorporation
is hard to ignite even after staying on the flame for 1 s. In a word, pre-
pared PI/Ti3CyTx aerogel fibers manifest excellent flame resistance and
rapid self-extinguishing performance derived from the hierarchical
porous structures and the homogeneous hybridization of MXene flakes,
which is highly desirable for practical applications in wearable protec-
tive clothing. Considering the abundant porosity inside the PI/Ti3CaTx
aerogel fibers, it is expected that they may also possess excellent thermal
insulation properties apart from the flame resistance capability. A series
of infrared images of PI fiber and different PI/Ti3CyTy aerogel fibers
were taken under varying temperatures from 25 to 250 °C on a hot stage.
Fig. 4(b) provides two typical infrared images of different fibers at 80
and 230 °C. The temperature on the fiber surface is summarized in Fig. 4
(c). It is evident that the fiber with higher Ti3C,Tx loading shows a lower
surface temperature at the same stage temperature, the difference in
thermal insulation is more remarkable at a higher stage temperature of
250 °C. Quantitatively, the thermal conductivities of different fiber
samples were measured and plotted in Fig. 4(d), PI/TigC,Tx aerogel fiber
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different fibers.

with 10 wt% MXene content shows a thermal conductivity as low as 36
mW m~! K™, which is induced by the differentiated porosity caused by
different MXene content, as we have discussed in Fig. 2. The excellent
thermal insulation ability of the aerogel fibers is mainly contributed by
their hierarchical pores, which could effectively reduce the heat con-
duction by trapping a large amount of air inside the voids.

To further investigate the practical applications of the aerogel fibers
in protective textiles, pure PI and PI/Ti3CyTx textiles were weaved and
placed on the same hot stage to compare their thermal insulating
property. A series of infrared images were taken at different times under
a constant stage temperature of 125 °C, three typical images at time
points of 2 s, 10 s, and 30 s are shown in Fig. 5(a), and the surface
temperatures of different textiles at varying times are plotted in Fig. 5
(b). As expected, textiles woven from the PI/Ti3C2Ty-10 aerogel fibers
exhibit the best thermal insulation property with the slowest heating-up
rate (55.4 °C after 30 s heating), which is definitely due to the smallest
pores and largest surface area. By contrast, PI textiles show inferior
thermal insulation with a surface temperature as high as 91.8°C after
staying on the hot stage for 30 s. What is more, the surface temperature
on each textile followed the declining trend with the Ti3CyTx loading,
highlighting the importance of MXene flakes on the thermal insulation

performance of wet-spun PI fibers and textiles. Fig. 5(c) schematically
illustrates the heat transfer process inside the PI/Ti3CyTx aerogel fibers.
In theory, the thermal conductivity is contributed by the thermal con-
vection, the conductance of trapped air and PI matrix, and thermal ra-
diation. The hierarchical porosity of the aerogel fibers could effectively
restrict the air in isolated spaces, thus greatly inhibiting the thermal
convection. Besides, the thermal conducting speed in highly porous fi-
bers is significantly slower than that in solid one, and the abundant
solid-air interface also effectively improve the reflectance of infrared
light in the aerogel fibers, these factors function together to enhance the
thermal insulation performance of prepared PI/Ti3CyTy aerogel fibers.

4. Conclusion

In summary, robust and uniform PI/Ti3C,Tx aerogel fibers with hi-
erarchical porosity were fabricated via in-situ polymerization and wet-
spinning. Based on the intimate interfacial interaction between the
monolayered Ti3CyTy flakes and the macromolecular chains, MXene was
first homogeneously hybridized with polyamic acid through an in-situ
polymerization method, which functions as the pore-generating agent
to inhibit the phase separation of solvent in limited space through the
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Fig. 5. (a) Infrared images of different textiles under a constant stage temperature of 125 °C, and (b) the surface temperature plotted against time. (c) Schematic

illustration of the heat transfer in the aerogel fibers.

confinement of MXene networks, thus resulting in the multi-scaled
porosity in the wet-spun PI/Ti3CyTy aerogel fibers. Consequently, the
robust aerogel fibers showed largely improved mechanical properties
(tensile strength of 26 MPa), high specific surface area (145 m? g‘l),
excellent flame resistance, and a low thermal conductivity of 36 mW
m~! K1, which can be easily fabricated into free-standing textiles for
practical thermal regulation. Considering the scalability and function-
ality, this PI/Ti3CyTyx aerogel fiber provides a promising candidate for
next-generation thermal insulating textiles.
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