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1 | INTRODUCTION

Abstract

Recent years, phase change materials (PCMs) with potential to store and trans-
form energy have attracted broad attention, especially in the field of thermal
energy storage. However, the instability and leak proneness of PCMs limit
their universal application. In this paper, core-shell fibers with 1-tetradecanol
(TD) as core and poly(vinylidene fluoride) (PVDF) as shell were prepared via
melt coaxial electrospinning method, and for improvement, the dye composed
of crystal violet lactone (CVL) and bisphenol A (BPA) was added to the core to
endow the fiber the function of reversible thermochromism. During the prepa-
ration process, it was found that the addition of NaCl could regulate the fiber
morphology and strength its mechanical property. By adjusting the concentra-
tion of shell solution and the flow rate of core solution, the high-strength
reversible thermochromic fibers were produced when polymer concentration
was 24 wt% with a core feed rate of 0.4 ml/h. The latent heat of these fibers is
up to 88.71 J/g. Besides, its color can change from blue to white when heated,
and the transition temperature is around 38°C. And 100 thermal cycle tests of
the fiber showed its strong thermal stability and thermochromic property.
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PCMs are commonly divided into inorganic and organic
compounds based on their chemical constituents,”° which

The storage of fossil energy continues to decrease, and
what is more serious is that its extensive use causes pollu-
tion to the environment,"” prompting people to study
clean and renewable energy. Thermal energy storage
is currently one of the most efficient energy storage
methods, shows great promise as a means of environ-
mental protection and energy reduction. Phase change
materials (PCMs) can absorb, store, or release a large
amount of latent heat at a constant temperature,* so
they play important roles in different application fields,
such as, temperature regulation, energy-saving, buildings,
and smart fabrics.®™®

can maintain stable thermal properties after multiple phase
change cycles. At present, organic PCMs are most used and
studied because they have the advantages of negligible cor-
rosion and super-cooling degree compared with inorganic
PCMs."" According to the type of phase change, PCMs
include four species: solid-solid, solid-liquid, solid—gas, and
liquid-gas. Solid-liquid PCMs have remarkable superiority
over the other PCMs in terms of small volume change dur-
ing the phase change process, high latent heat storage, and
low cost,? indicating that they have great practical applica-
bility. A typical organic solid-liquid PCM, 1-tetradecanol
(TD), exhibiting remarkable properties, such as, high latent
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heat, non-toxic, non-corrosive, and good thermal stabil-
ity."*'* Moreover, the phase transition temperature of TD is
close to the human body temperature, which is very suit-
able for the application of smart textiles. Nevertheless, like
other solid-liquid PCMs, TD will inevitably leak into the
surrounding environment during the repeated cycles of
melting and cooling, which shorten its usable life.">™”

At present, commonly used methods include sol-gel,
microencapsulation, and electrospinning to produce shape-
stable composite PCMs.'®*° These methods can fix the
PCM on the solid substrate and effectively prevent its leak-
age. It is troublesome to use products prepared by sol-gel
and microencapsulation in textiles. Electrospinning is differ-
ent. It is a one-step technique for adding PCMs to
electrospun fibers and can be directly applied to textile
field.*** In particular, coaxial electrospinning, which uses
a polymer shell to encapsulate PCM in the core of the fibers
to prepare nanofibers with core-shell structure, has received
increasing attention.”*>> The smart nanofibers with core-
shell structures have attractive advantages of ultra-fine size,
high specific surface area, and stable thermal perfor-
mance.”**’ Therefore, they could apply in thermal regulation
of clothing and electronic components. Currently, solution
coaxial electrospinning is the most used method due to its
simple equipment and convenient operation,* but the latent
heat of the prepared fiber is generally low. For example, Yu
et al. chose soy wax as core material and polyurethane as
shell material, and its latent heat was 36.47 J/g.* Lu et al.
fabricated encapsulated paraffin wax nanofibers, and the
latent heat was 58.25 J/g.** Compared with solution coaxial
electrospinning, melt coaxial electrospinning is characterized
by no solvent in the core, so the packaging efficiency of PCM
is greatly improved.*!

With the rapid development of energy storage mate-
rials, the single function of thermal storage can no longer
meet people’s needs. Adding some functional materials
into the fibers can respond to external stimuli, such as,
light, heat, electric, and magnetic fields, making these
materials have applications in monitoring, control, and
sensing.**> Phase change thermochromic materials
have received widespread attention due to their heat-
sensitive reversible color and temperature regulation
characteristics. The Japanese Dream Company has pro-
duced color-changing octopus toys, which are deeply
loved by children. Thermochromics nanofibers perform
high sensitivity and temperature responsiveness for use
in medical, safety, and quality control fields. Ilana Mal-
herbe et al. have prepared reversible thermochromic
microfibers by solution coaxial electrospinning, while
they did not measure the specific enthalpy of the fiber
and the low temperature of discoloration is not practi-
cal.*® Thermochromic materials used in fabric field usually
consist of leuco dyes, developers, and phase-change
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medium. The most commonly used and studied leuco dye
is crystal violet lactone, which most significant characteris-
tic is the obvious chromaticity change. Color developers are
weak acids, which act as proton donors to initiate the color
development of leuco dye. The phase change medium also
acts as a solvent for dyes and developers, and it can be fatty
alcohol or ester. The color transition temperature of these
thermochromic fibers is determined by the melting temper-
ature of the solvent, so the color change temperature can be
regulated by replacing the PCMs.*’

Herein, we present a study of reversibly ther-
mochromic core-shell nanofibers using melt coaxial
electrospinning. Poly(vinylidene fluoride) (PVDF) is used
as the polymer shell, which has good thermal stability,
high mechanical strength, and light transmittance. The
thermochromic composite has consisted of CVL as a dye,
BPA as a developer, and TD as a phase-change medium.
Adding NaCl to the shell solution could enhance the con-
ductivity and improve the morphology and mechanical
strength of the fibers.*®**° We also systematically dis-
cussed the influence of shell solution concentration and
core feed rate on the encapsulation rate. The result stated
that the final latent heat of the thermochromic fiber
could be as high as 88.71 J/g. Consecutive 100 recycle
phase change experiments were conducted to prove the
optimized sample has good reusability. The functional
fiber developed through this work exhibits excellent
latent heat and reversible thermochromic properties, so it
has broad application prospects in body-temperature
thermal materials and thermoresponsive sensors. More-
over, the fiber has high strength, providing huge poten-
tial applications in thermal protective clothing.

2 | EXPERIMENTAL

2.1 | Materials

Poly(vinylidene fluoride) (PVDF, M,, = 4 x10°), bisphenol
A (BPA,CP, M,, = 288.96), 1-tetradecanol (AR, 96%) and
N,N-dimethyl acetamide (DMAc) were purchased form
Aladdin Chemistry Co., Ltd. Crystal violet lactone (CVL,
M,, = 415.53) was purchased from Beijing Bailingwei
Technology Co., Ltd. Ethanol and NaCl was purchased
form Hangzhou Gaojing Fine Chemical Industry Co., Ltd.

2.2 | Preparation of core-shell nanofiber
membrane

To obtain the shell solution, PVDF with different concen-
trations of 22, 24, and 26 wt % was added into DMAc
with magnetic stirring at 55°C for 12 h. NaCl with
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concentration of 0.02 wt % was added into the shell solu-
tions, and the other conditions were as above. Before
spinning, TD needs to be heated at 90°C for 2 h to melt.
The thermochromic composite was to mix CVL, BPA,
and TD (CBT, CBT stands for a mixture of CVL, BPA,
and TD) at a weight ratio of 1: 5: 115, and magnetically
stir at 90°C for 2 h to obtain a uniform solution. The
stainless-steel coaxial needle was composed of an inner
needle and an outer needle. The inner and outer diameters
of the inner needle were 0.41/0.72 mm, and the inner and
outer diameters of the outer needle were 1.01/1.49 mm.
The applied voltage was 28 kV, and the distance between
nozzle and collector was about 20 cm. The shell solution
feed rate was 1.5 ml/h, and the core solution feed rate was
adjusted to 0.3, 0.4, and 0.5 ml/h, respectively. The spin-
ning ambient temperature was controlled at 55°C and the
relative humidity was 50%.

2.3 | Thermal cycle test

In order to study the thermal stability of the prepared
fibers, melt-cooling cycles were conducted in a thermo-
static oven between 25 and 50°C. These film samples
were firstly heated above the melting temperature (38°C)
and then cooled to the room temperature (25°C), which
is one thermal periodical cycle. After 100-thermal cycles,
the enthalpy of samples was measured by differential scan-
ning calorimetry (DSC, Q2000) to study their thermal
stability.

2.4 | Characterizations

The morphology of PVDF@TD and PVDF-NaCl@TD
(PVDF@TD means core-shell structured, with PVDF
shell and TD core fibers, NaCl means adding NaCl to
PVDF solution) was obtained by the field emission scan-
ning electron microscopy (FE-SEM, ULTRAS5S5, Zeiss) at
an acceleration voltage of 3 kV. Before observation, the
samples need to be soaked in ethanol for 24 h to remove
the inner liquor and then coated with thin layers of gold.
The diameters of 30 random fibers were measured by
ImageJ software, and then their average diameters were
calculated to represent the diameter of fibers prepared
under different conditions. The PVDF-NaCl@CBT-Vg4
(Vo4 means that the core feed rate is 0.4 ml/h) core-shell
structure of the nanofibers was studied by the transmis-
sion electron microscope (TEM, JEM-2100, JOEL) at an
acceleration voltage of 200 kV. The TEM samples were
prepared by depositing nanofibers on a 400-mesh carbon-
coated Cu grid and then immersing it in ethanol for 24 h.
Thermal stability and decomposition properties of the

specimens were obtained by thermogravimetric analysis
(L81/1750TGA, LINSEIS Company, Germany). Fourier
transform infrared spectroscopy (FTIR) of the nanofibers
was conducted on a Nicolet 5700 FTIR spectrometer from
4000 to 350 cm™" in the transmittance mode. DSC tests
were implemented in nitrogen flow, and the samples
were heated from 0 to 50°C and then cooled from 50 to
0°C, the heating and cooling rate were 10 K/min. The
latent heat of the fibers is directly analyzed by TRIOS soft-
ware. The tensile performance of fibers was conducted
in the STD standard tensile method. All samples for
mechanical testing were cut into small pieces of
0.5x 2 cm, and the thickness of each sample was mea-
sured separately.

3 | RESULTS AND DISCUSSION

The typical coaxial electrospinning technique was applied
to fabricate reversible thermochromic core-shell
nanofibers. As shown in Figure 1, the coaxially arranged
needles linking with two separate syringes containing dif-
ferent solutions through plastic tubes: connect the shell
solution to the outer, and the core solution to the inner.
Applying a suitable high voltage between the needle and
the collector, where the electric field force stretches the
solution to form jet, so that the fibers can be obtained
from the collector. The method fixes the PCMs in the
center of the nanofibers, and the polymeric shell can
maintain the stability of the fiber shape, which can
effectively prevent the leakage of the PCMs.

Figure 2 shows the morphology of PVDF@TD with
different polymer concentrations, at the core feed rate of
0.3 ml/h. The fibers are messy with a lot of beads and
scarcely in long straight, which was attributed to the poor
conductivity and high surface tension of the shell solu-
tion resulting in the insufficient electric field force to
stretch the polymer. Adding NaCl to the shell solution to
enhance the conductivity, the increase of the electric field
force will stimulate the stretching effect, and strengthen
the whiplash effect of the solution jet during the
electrospinning process, which can make the fibers more
uniform.*****! Figure 3 is the morphology of PVDF-
NaCl@TD with different PVDF concentrations and core
feed rates. When PVDF concentration is 22 wt% (Figure 3
(a)-(c)), fibers still have much bead-like structure, but it
has been improved compared with before. And when
PVDF concentration increased to 24 (Figure 3(d)-(f)) and
26 (Figure 3(g)-(i)) wt%, the fibers became straight
and cylindrical, with a basically bead-free structure. The
cause of these two different morphologies is polymer con-
centration. The solution with low concentration has a
high surface tension that tends to transform the jet into
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Schematic illustration of the coaxial electrospinning technique [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 2
and (c) 26%

spherical droplets forming bead-like fibers.**** There-
fore, appropriate solution concentration is also crucial in
the electrospinning process.

Figure 4 shows the average diameter of PVDF-
NaCl@TD with different PVDF solution concentrations
and core feed rates. It clearly shows that keeping the con-
centration of the shell solution constant, the diameter of
the fiber increases with the increase of the core feed rate.
Because as the core feed speed increases, more core mate-
rial can be encapsulated, making the fiber diameter
larger. Besides, the same trend can also be found under
different concentrations of the PVDF solution. The aug-
ment of the solution concentration strengthens the
molecular chain entanglement, which makes the solution
viscosity increase. Therefore, the splitting performance of
the droplets decreases, which causes the fibers to become
bolder.

The DSC thermograms of PVDF-NaCl@TD are
shown in Figure 5, with the corresponding summarized
data listed in Table 1. For pure PVDF, no phase change
occurs (as shown in Figure S1). There are two obvious
exothermic peaks during the crystallization process,

The FE-SEM images of the PVDF@TD with core feed rate of 0.3 ml/h and PVDF concentrations (wt%) of (a) 22%; (b) 24%;

which are due to the existence of a metastable intermedi-
ate solid phase. However, in the melting process, because
the temperature of the solid-metastable solid and meta-
stable solid-liquid transition is very close and indistin-
guishable, there is only one peak.'® It can be found that
when the shell concentration is constant, as the core feed
rate increases, the latent heat deceleration of the fiber
augments and finally reaches the peak value, which
means the maximum encapsulation rate under this con-
dition. For example, at the concentration of 26 wt%, the
variation of latent heat is inconsistent with the core feed
rate. Because when the core feed rate is low, the polymer
can encapsulate the PCMs well. However, as the core
feed rate increases, the viscosity of the polymer solution
is not enough to drag the core solution, resulting in
redundant PCMs that will inevitably leak. Therefore, the
improvement in latent heat slows down and tends to sta-
bilize.** It's the same at other concentrations. The highest
latent heat obtained is 148.26 J/g, but the morphology of
the fibers is bead-like. Besides, when the core feed rate is
constant, the latent heat decreases as the concentration
of the PVDF solution increases. Because the increase in
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The FE-SEM images of the PVDF-NaCl@TD with different PVDF concentrations (wt%): (a-c) 22%; (d-f) 24%; (g-i) 26%;

samples with different core feed rates: (a, d, and g) 0.3 ml/h; (b, e, and h) 0.4 ml/h; (c, f, and i) 0.5 ml/h
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FIGURE 4 Diameter distributions of the PVDF-NaCl@TD

prepared under different conditions

the concentration of the PVDF solution only improves
the composition of PVDF in the core-shell structure
fibers, while PVDF only contributes to the increase in

weight without phase change, so the latent heat
decreases.*” Finally, considering the morphology and
latent heat, the optimal preparation conditions were
determined as the shell solution concentration of 24 wt%
and the core feed rate of 0.5 ml/h.

To further functionalize the fibers, CVL, and BPA
were added to prepare reversible thermochromic fibers.
As expected, PVDF encapsulated CBT formed an ideal
core-shell structure, as demonstrated in Figure 6. The
digital pictures of PVDF-NaCl@CBT membranes are
shown in Figure 7. Before adding the dye, the as-
prepared membrane is white, and that in Figure 7(a) is
blue, which also indicates that the polymer successfully
encapsulated the dye. However, there are many blue
spots on the surface of the membrane, which may be
excess core solution droplets that are not encapsulated by
the shell due to the core feed rate being too fast. There-
fore, the core feed rate should be adjusted to 0.4 ml/h,
and the resulting membrane shown in Figure 7(b). After
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FIGURE 5 The differential scanning calorimetry curves of PVDF-NaCl@TD with different core feed rates and PVDF concentrations (wt

%): (2) 22%; (b) 24%; and (c) 26% [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 1
rates
Concentration (wt%) Feed rate (ml/h) T (°C)
22% 0.3 38.24
0.4 38.17
0.5 38.36
24% 0.3 38.22
0.4 38.16
0.5 38.35
26% 0.3 37.74
0.4 38.16
0.5 38.13
1 (b)
Core

200nm
||

reducing the core material feed rate, the morphology of the
membrane was optimized to make it spotless and uniform
in color. The color state of the fibers decides by the reaction
of the electron donor and electron acceptor. When the tem-
perature is lower than the melting temperature of TD, BPA
releases protons and gain electrons, forming a complex with
CVL that favors the colored ring-open, where molecular
rearrange and conjugate double bond through, which show
the color. As the temperature rises above the melting tem-
perature of TD, the color developer combined with pro-
tons, and the leuco dye favors the colorless, ring-closed

The differential scanning calorimetry analyses data of PVDF-NaCl@TD with different PVDF concentrations and core feed

AHy, (J/8) T. (°C) T. (°C) AH; 4 . (J/g)
107.20 28.01 34.46 97.22
129.90 29.08 34.20 112.16
146.26 29.89 34.19 138.00
73.92 26.64 34.32 66.16
98.06 28.94 34.25 95.85
108.59 29.31 34.08 102.67
71.50 27.16 33.97 65.45
90.58 28.30 34.13 82.56
91.60 28.56 34.11 82.28
FIGURE 6 (a)The transmission
electron microscope image of PVDF-
NaCI@CBT-Vy 4; (b) the core-shell
structure model [Color figure can be
viewed at wileyonlinelibrary.com]
Shell

state.*® Therefore, the PVDF-NaClI@CBT-V,, membrane
can repeatedly show color and colorless (Figure 7(c)) state
according to temperature changes.

Figure 8 and Table 2 show the performance of
PVDF-NaCl@CBT-V, 4 before and after 100 thermal cycles.
The latent heat of these fibers is 88.0.71 J/g, which is better
than some functional fibers.>**’ After thermal cycling treat-
ment, the T, and AH,, decreased by 1.79°C and 2.06 J/g,
respectively, without significant changes. Through the com-
parison of fiber properties before and after thermal cycling, it
can be concluded that PVDF-NaCI@CBT-V,, possesses
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(a) (b)

FIGURE 7
[Color figure can be viewed at wileyonlinelibrary.com]

Images of PVDF-NaCl@CBT membrane with core feed rate of (a) 0.5 ml/h at 15°C; (b) 0.4 ml/h at 15°C; (c) 0.4 ml/h at 45°C

FIGURE 8 The differential
scanning calorimetry curves of (a) (b)
(a) PVDF-NaClI@CBT-V 4 before 5- 5-
and after 100 cycles; (b) TD; - -
and CBT [Color figure can be = T [ —
viewed at wileyonlinelibrary.com| = =
g z
= 2
= —— Before thermal cycle [ —1D
‘§ —— After thermal cycle § — CBT
= e
0 10 20 30 40 0 10 20 30 40
Temperature °C) Temperature °C)

excellent thermal stability and reliability. Besides, combining
the DSC data of TD and CBT found that the reduction of the
latent heat of the fiber is inevitable after adding the dye. This
might be attributed to two factors: (a) the added dye only
increases the weight without phase transition occurs, which
leads to to a decrease in enthalpy, and (b) some aggregation
and hindrance to TD from the dye play a dominant effect,
which is attributed to molecular limitations.**
Thermogravimetric analysis (TGA) was used to evaluate
the thermal stability of PVDF, CBT, and PVDF-NaCl@CBT-
Vo4 The results are shown in Figure 9 in terms of the per-
centage of weight loss versus temperature. The experimental
results show that CBT completely decomposed at about
260°C, and PVDF began its degradation at 460°C. On the
other hand, PVDF-NaCI@CBT-V,, showed two degradation
stages. For the composite fibers, the first stage corresponds to
the decomposition of CBT molecules, and the second stage is
the decomposition of PVDF matrices. It can be seen from the
figure that the decomposition rate of CBT decreases, indicat-
ing that the encapsulation of PVDF improves its thermal sta-
bility.">*" It shows that the core-shell structure fiber can
increase its decomposition temperature, which is very impor-
tant in practical applications. Figure 10 represented the Fou-
rier transform infrared spectroscopy (FTIR) spectra of PVDF,

CBT, and PVDF-NaCl@CBT-V,,4. The absorption peaks of
PVDF at 1754 and 1402 cm™ correspond to the bending
vibration and tensile vibration of C—F,. Besides, the peak at
840 cm ™ belongs to the C—F stretch band.** From the CBT
spectrum, several absorption peaks can be observed, in which
the peaks at 2956, 2920, and 2850 cm ™" belonged to the sym-
metrical stretching vibration of its —CH; and —CH,
group.”®' Meanwhile, the absorption peaks at 1471 and
717 cm ™ represent the bending vibration of the —CH, group
and the in-plane swing vibration of the —OH group.”* The
spectra of composite fibers show all the characteristic bands
of the two components with no new peak formed, implying
that PVDF and CBT did not interact in any way. It was fur-
ther confirmed that PVDF successfully encapsulated CBT.
The stress—strain curves are presented in Figure 11.
The mechanical strength of the pure PVDF nanofiber
membrane with a concentration of 24 wt% is low because
fibers have many unevenly distributed beads that make
them unable to withstand large external forces.*® With
the addition of NaCl, the enhanced conductivity of the
solution facilitates the orientation and aggregation of mac-
romolecules in the fibers, which greatly improves the
mechanical properties of the fibers.*>*' When PVDF
encapsulates CBT, the mechanical strength of the fibers
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Samples T, (°C) AHy, (3/g) T, (°C) T, (°C) AH, ,  (3/g) TA B LE 2 The.dlfferentlal scanning
calorimetry analysis of PVDF-

TD 39.76 274.15 29.44 35.24 272.36 NaCl@CBT-V,, , before and after
CBT 37.71 238.25 29.26 34.17 230.53 thermal cycle, TD, and CBT

Before thermal cycle 38.04 88.71 24.65 34.43 85.27

After thermal cycle 36.25 86.65 23.31 33.49 82.48

14
1004 ——PVDF
——CBT 124

—~ 804 ——PVDF-NaCI@CBT-V, , 101 (b)
NN _
o <
~ o 8-

% 60+ =

=5 C 64
= ® (c)
= 40- £ 4
. 7]

S 2- (a)
= 20+ 01 |
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L) L) L) L) . 0
0 200 400 600 800 1000 Strain (%)
Temperature °C)
FIGURE 11 Stress-strain curves of nonwoven mats of
FIGURE 9 Thermogravimetric analysis curves of PVDF, CBT, (a) PVDF nanofibers; (b) PVDF with 0.02 wt% NaCl nanofibers;

and PVDF-NaCl@CBT-V, 4 [Color figure can be viewed at
wileyonlinelibrary.com]

——PVDF
—— CBT
—— PVDF-NaCI@CBT-V,,

Absorbance

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™)
FIGURE 10 Fourier transform infrared spectra of PVDF, CBT,

and PVDF-NaCl@CBT-V, 4 [Color figure can be viewed at
wileyonlinelibrary.com]

decreases because of the load of brittle 1-tetradecanol.*’

Compared to some core-shell fibers previously
reported,'>*"**  PVDF-NaClI@CBT-V,, has excellent
mechanical properties, indicating that it has a good appli-
cation prospect in the production of protective clothing.

and (c) PVDF-NaCl@CBT-V, 4 [Color figure can be viewed at
wileyonlinelibrary.com]

4 | CONCLUSIONS

In summary, reversible thermochromic core-shell
nanofibers were successfully prepared by encapsulat-
ing CBT wusing PVDF through melt coaxial
electrospinning technique. The addition of NaCl
improves the morphology and mechanical properties
of the fibers. By adjusting the shell solution concen-
tration and core feed rate, the optimal PVDF-
NaCl@CBT-V,, possesses obvious reversible ther-
mochromic performance and high latent heat up to
88.71 J/g. The encapsulation and fixing of ther-
mochromic composite actualize their potential appli-
cations in thermal protective clothing and thermo-
responsive sensors. Moreover, 100 thermal cycle tests
show that the nanofibers have good thermal stability
and thermochromic properties, indicating that the
PCMs leakage problem is well overcome. Hence, this
work provides a strong support for the research and
development of functional fibers.
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