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Abstract

Electrospinning is a straightforward technique for the fabrication of nanofibers with
the potential for various applications. Thermal energy storage systems using
electrospun nanofibers have gained researchers’ attention due to its desirable
properties such as nanoscale diameter, large surface area, excellent thermal
conductivity, and high loading and thermal energy storage capacity. The
encapsulation of phase change materials (PCMs) in electrospun nanofibers for
storing renewable thermal energy can be achieved by uniaxial electrospinning of a
blend of PCM and polymer, coaxial electrospinning of a PCM core and a polymer
sheath, or post-electrospinning absorption. The PCM content and thermal energy
storage capacity of different PCM composite nanofibers are compared in this chapter.
The drawbacks of traditional electrospinning PCM encapsulation techniques and

benefits of post-electrospinning encapsulation methods are discussed.

Keywords: nanofibers, renewable energy, latent heat storage, electrospinning, phase

change materials, polymers

1. Introduction

1.1. Fabrication of nanofibers

Nanofibers are defined as fibers with diameters <100 nm, or in the context of
textiles, <1000 nm. A primary property of nanofibers is high specific surface area
due to their extremely small diameter and large percent of molecules at the

surface [1]. Electrospinning is a facile method for the fabrication of nonwoven and
continuous polymer fibers with diameters in the nanometer scale to several
micrometer scale. The process involves a polymer solution or a polymer melt in a
syringe that is forced through a needle by a syringe pump at a desired feed rate. A
conductive metal collector, either a flat or rotating drum, is positioned at some
distance away from the needle while high-voltage current is supplied to the
spinneret (needle). Columbic forces in the charged solution cause the droplet at the
spinneret to elongate into a Taylor cone [2]. Jets eject and accelerate from the tip of
the Taylor cone, elongate and coil as they reach the collector as a result of repulsive

forces from the charges in the fluid jet, causing instability and pulling towards the
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conductive collector. After rapid evaporation of solvents and solidification of the
thin jets, polymer fibers are deposited on the collector (2). Uniaxial electrospinning
is the simplest, where a single polymer solution is used. Coaxial electrospinning is
more complex and combines multiple polymer solutions to create core-sheath
composite nanofibers. Electrospinnable materials include polymers such as
polyethylene (PE), polypropylene (PP), polystyrene (PS), poly(methyl
methacrylate) (PMMA), polyacrylonitrile (PAN), polyamide 6 (PA6), poly(ethylene
terephthalate) (PET), poly(vinyl chloride) (PVC), poly(vinyl alcohol) (PVA),
polylactide (PLA), polyvinylpyrrolidone (PVP), poly(vinyl butyral) (PVB), gelatin,
cellulose, etc. [3], and organic/inorganic composites such as PVP/ALO,, PVB/ALO,,
and PA6/ZnO [4, 5]. Many factors can influence the properties of electrospun
nanofibers, such as the polymer and solvent system, concentration, feed rate,
temperature, relative humidity, voltage, needle diameter, and tip-collector distance,
etc [6]. Electrospun nanofibers have been used in a variety of applications including
catalysis, sensors, filtration, energy storage, tissue engineering, and drug delivery,

among other things [7-10].

1.2. Phase change materials

The forms of thermal energy include sensible heat (e.g., from temperature change),
latent heat (e.g., from phase change), and chemical heat (e.g., from a chemical
reaction). Phase change materials (PCMs) utilize latent heat and possess higher
energy density than sensible heat and are less expensive than chemical heat. Latent
heat of fusion is absorbed or released by PCMs during the freezing or melting
processes [11]. The high enthalpy of fusion of PCMs as well as their relatively small
change in volume makes solid-liquid PCMs particularly attractive as thermal energy
storage materials. Solid-liquid PCMs can improve thermal management of energy
storage by increasing efficiency of storage and use [12]. PCMs also have the
advantage of high energy storage density at almost isothermal conditions and a
small temperature change between cycles of energy retrieval and storage [13].
Another practical advantage of PCMs is that their narrow ranges of upper and lower
phase transition temperatures can meet the requirements of the working range for

desired applications.

PCMs can be classified as either organic or inorganic. Inorganic PCMs include salt
hydrates and metallics. Metals and metal alloys with low melting temperatures are
usually not considered practical PCMs due to their weight limitations. The
disadvantages of salt hydrates are their instability and degradation when heated,
water loss after each heating cycle, incongruent melting, and supercooling [14, 15].
Organic PCMs include paraffin waxes, poly(ethylene glycol)s (PEGs), alcohols, fatty
acids, and their derivatives and eutectics [16, 17]. Paraffin waxes are one of the most

commonly used PCMs due to their high latent heat, good stability, and low
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corrosivity and cost [18]. Octadecane is a paraffin based PCM with a melting
temperature close to that of the human body and has potential as a PCM to be used
in the textile industry. Advantages of organic PCMs include high latent heat of
fusion, nontoxicity, non-corrosivity, low supercooling, no phase separation upon
heating/cooling cycles [15]. Fatty acids commonly used as PCMs are stearic, lauric,
myristic, capric, palmitic, and caprylic acids [17]. Fatty acids have high heats of
fusion, comparable to paraffin waxes, and reproducible melting/freezing cycles with
minimal supercooling [15]. The most notable disadvantages of organic PCMs are
their low thermal conductivity, which can suppress the thermal energy storage
capabilities of PCMs and result in containment issues. Biobased PCMs are a newer
type of organic PCMs and are derived from sources like plant oils and beef tallow.
Biobased PCMs have high latent heat, low flammability, and good thermal stability
as a result of being fully hydrogenated [17]. Many PCMs have been incorporated into
electrospun nanofibers, including paraffin waxes [19], biobased PCMs [20-22],

PEGs [23-27], fatty acids and eutectics [28-33] as well as others [18].

1.3. Thermal energy storage systems

The proper containment of PCMs inside a thermal energy storage system is a major
challenge. Leakage of PCMs from the system can not only result in diminishing
efficiency and short lifespan, but also cause severe environment pollution issues.

A typical thermal energy storage (TES) system is composed of a PCM and a
framework/supporting material, in which the PCM is either encapsulated or
incorporated into a form-stable material. Both organic and inorganic
frameworks/supporting materials have been used for TES systems. PCMs for TES
systems are usually in the form of macro-, micro-, or nano-capsules [34] consisting
of a wide range of organic and inorganic materials, such as n-octadecane (C18) in a
titania shell [35], paraffin in low-density polyethylene-ethylvinylacetate
(LDPE-EVA) [36], and stearic acid (SA) in SiO, [37]. These core-shell capsules
typically have PCM loadings near 50%-60% [38], but higher PCM loadings, up to
80%, has also been reported [35]. However, the overall loading capacity can be
further reduced when these PCM-containing capsules are incorporated into bulk

supporting materials such as foams, films, and fibers [39-42].

Creating a TES system with the smallest possible size is important to allow for
almost instantaneous freezing and melting of PCMs [43]. Various TES systems made
of composite nanofibers have been developed by researchers. Uniaxial
electrospinning of a blend of PCM and polymer is a simple way to fabricate
nanofiber based TES systems, which has been used to fabricate TES systems
containing PS [28, 44], PLA [45], PA6 [27], PAN [46] and PET [33] as the support
materials. Coaxial electrospinning of a PCM as the core and a polymer as the sheath

has also been reported, in which TiO,-polyvinylpyrrolidone (PVP) [47],
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polyurethane (PU) [22, 48, 49], polyvinylidene fluoride (PVDF) [50], polyvinyl
butyral (PVB) [51], and cellulose acetate (CA) [23, 52] and other polymers were used

as sheath materials [18].

2. Encapsulation of PCMs into nanofibers

Nanofibers are advantageous for encapsulating PCMs and forming structure-stable
TES systems as they possess very small diameters and high specific surface areas. The
encapsulation of PCMs in nanofibers can be accomplished by either electrospinning
the PCMs and polymers concurrently or incorporating PCMs into nanofibers after

electrospinning. These different methods are compared in the following sections.

2.1. In-situ encapsulation
2.1.1. Blend electrospinning

Blend electrospinning involves the mixing the PCMs into the polymer solution prior
to uniaxial electrospinning. The dissolution or dispersion of compounds into the
solution depends on the solution’s physicochemical properties and intermolecular
interactions [53]. Factors that most affect the solution electrospinnability and
nanofiber properties are the solvent system and mass ratio of components (PCMs
and polymers) [18]. Emulsions are sometimes created to blend polymers and PCMs
that are not both soluble in the same solvent system. Zdraveva et al. prepared an
oil/water emulsion of a mixture of plant oil PCM and sodium dodecyl sulfate (SDS)
before blending with poly(vinyl alcohol) (PVA) aqueous solutions. The PCM
composite nanofibers had a maximum PCM content of 70% of polymer by weight.
Adding more than 70% PCM caused the separation of PCM from solution and
impacted the PCM distribution in nanofibers [21]. Kizildag reported the fabrication
of smooth and uniform paraffin wax/PAN composite nanofibers by blend
electrospinning with maximum PCM content of 50% of polymer [54].
Unfortunately, it is difficult to completely encapsulate PCMs inside nanofibers using
uniaxial electrospinning because of the tendency for some of the PCM to distribute
on the nanofiber surface [18]. Lu et al. reported no measurable PCM leakage in
blend electrospun LA/PS nanofibers. This can be attributed to a good compatibility
between LA and PS as well as the superior mechanical strength of PS. The LAPS
composite nanofibers were fabricated by uniaxial electrospinning a blend solution.
The LA/PS solution weight ratios were 1/4, 1/2, 1/1, 2/1, 3/1, and 4/1, and the

025 PS; LA, PS, LA, PS, LA, PS, LA, PS, and
LA, PS, respectively. Surface porosity was not observed in the LA/PS composite

composite nanofibers were named LA

nanofibers and their surface roughness increased with increasing LA content, most
likely resulting from phase separation. It was noted that electrospinning behavior
and phase separation was affected by the introduction of PCM. The vapor induced

phase separation observed under the identical conditions with pure PS
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electrospinning [55] was inhibited by the addition of only a small amount of LA.
Due to the hydrophilic nature of LA, atmospheric water vapor was not able to

induce phase separation and form pores inside the composite nanofibers [28].

Additionally, uniaxial blend electrospinning can induce phase separation
between PCM and polymer matrix, leading to the formation of PCM rich and
polymer rich domains inside and on the surface of nanofibers. Domain size is an
important factor in the crystallization and supercooling processes. It was reported
that small PCM domain sizes could decrease the number of nuclei in a melt. This can
result in an increase of supercooling effect and broadening of temperature range of
phase change [56]. Furthermore, the distribution of some of the PCM domains onto
or near the surface of the nanofibers further broadens the temperature range of
phase change and leads to potential leakage. This is due to the phenomenon of small
particles having a lower melting temperature than the same bulk material. Thus, the
smaller surface PCM domains will melt before the main internal PCM domains [43].
Accordingly, the distribution and aggregation of PCMs need to be optimized in
blend electrospinning method for fabricating TES systems. It was also reported that
the formation of deformed or nonuniform fibers can occur when the PCM content is
too high [57]. Therefore, depending on the interaction between the PCM and the
supporting material, PCM loading capacity in blend electrospun nanofibers can vary

greatly.

2.1.2. Coaxial electrospinning

Coaxial electrospinning allows for the fabrication of continuous core-sheath
nanofibers from two solutions using two nozzles concentrically aligned in a single
spinneret. The core and sheath solutions are fed at individually controlled feed rates
through the inner and outer nozzles, respectively. The core-sheath structure
completely encapsulates the PCMs in the fibers without leakage when
electrospinning parameters are optimized. Additional parameters need to be
optimized for coaxial electrospinning because two solutions are used [58]. If the
feed rate of the core solution is too high, the core solution will mix with the sheath
to disrupt the separation of the two layers [59]. Coaxial electrospinning has been
employed for the encapsulation of PCMs using hydrophilic and hydrophobic
polymers as the sheath materials. Sun et al. reported electrospinning octadecane
PCM core with hydrophobic polyvinyl butyral (PVB) sheath using nontoxic ethanol
as the solvent. The octadecane/PVB core-sheath nanofibers had a maximum PCM
content of 46.4% [51]. Coaxial electrospinning was also reported to be used to
fabricate core-sheath nanofibers of bio-based PCM, natural soy wax, and PU. The
core solution PCM concentration was increased from 10% to 60%. In nanofibers
with PCM concentrations of 40% and greater, beads were observed on the surface
and found to fuse together and solidify into randomly dispersed structures on the

membrane [48]. Rezaei et al. and Chen et al. fabricated coaxial electrospun
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nanofibers containing a PEG core inside a CA sheath. The PEG/CA nanofibers had
maximum PCM mass contents of 34.5% and 43.2%, respectively [23, 25]. Lu

et al. produced paraffin wax core and PAN sheath nanofibers with 54.3% PCM
encapsulation efficiency via coaxial electrospinning [60]. While coaxial
electrospinning of PCM composite nanofibers has the disadvantage of increased
complexity due to added parameters to optimize, this electrospinning technique can
alleviate PCM containment concerns that arise from random distribution of PCMs
in blend nanofibers using uniaxial electrospinning. Additional combinations of
different PCMs and polymers are also possible since it is not necessary to use the
same solvent for both the core and sheath layers. Usually, the sheath polymer should
not be miscible with the core solvent to ensure proper separation of layers and
complete encapsulation of PCMs. Unfortunately, the loading capacity of PCM in
composite nanofibers prepared by the coaxial electrospinning technique is usually
much lower than composite nanofibers by the uniaxial electrospinning technique.
Additionally, instability of electrospinning resulting from the incompatibility of
PCMs, polymers and solvents can severely interfere with the production of uniform

PCM composite nanofibers [18].

2.2. Post electrospinning PCM incorporation
2.2.1. Thermally triggered encapsulation

Thermally triggered encapsulation is accomplished by allowing a supporting
material to be in contact with molten PCMs for a sufficient amount of time to allow
the diffusion of PCMs into the material. This encapsulation method was used for the
incorporation of fatty acid eutectics PCMs in bulk materials. Yang

et al. encapsulated ternary eutectic mixture of myristic—palmitic—stearic acid
(MA-PA-SA) in expanded graphite (EG). EG was placed in beakers with fatty acid,
sealed, and heated at 65 'C for 24 h in an oven [61]. Zhang et al. encapsulated
LA-MA-PA ternary eutectic into EG by a similar method. The fatty acid eutectics
and EG were placed in beakers and heated at 50 °C for 20 h. This method allowed for
the absorption of the liquid fatty acid eutectics into the porous EG structure

uniformly [62].

In nanofibers, encapsulation is facilitated by capillary and intermolecular forces
to allow fluid traveling through internal pores. This is similar to the explanation of
the rise of sap in trees relying on the cohesion-tension (CT) theory [63]. Lu
et al. developed a method for thermally triggered encapsulation of PCM into porous
electrospun PS nanofibers using lauric acid (LA) as the PCM. This method allowed
for the encapsulation of LA inside the internal pores of PS with the aid of capillary
forces and intermolecular forces. Figure 1 depicts the process of sap rise in trees and
capillary diffusion and the thermally triggered encapsulation of molten LA in the PS

nanofiber membrane. PS nanofibers with internal porosity was fabricated by
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Figure 1. Illustrated schematics of the diffusion of water (or sap) through channels
in a tree (top) and thermally triggered encapsulation by diffusion of molten LA into
PS nanofibers (bottom) [29].

electrospinning a 20 wt% solution of PS in DMF at 20 "C and 45% relative humidity.
The collector used was a piece of aluminum foil wrapped around a rotating drum.
Since the drum was rotating at a sufficiently high speed, the majority of the
nanofibers were deposited along the direction of rotation. LA was melted at 50, 60,
70, and 80 °C (LAPS,, LAPS4,, LAPS,,, and LAPSy,) in an oven and PS nanofiber
membranes (9 cm x 4 cm x 0.2 cm) were in contract with the surface of the liquid
LA for 24 h, an adequate time to reach equilibrium. The LA loaded PS membrane
was allowed to dry at room temperature in a fume hood. The diffusion rate of the
melted LA in the PS nanofibers was found to be ~0.375 cm/h at 60 “C. Since the LA
diffused through the nanochannels of the PS nanofibers, the interfiber spacing was
left void. Furthermore, no leakage of LA to the surface of the nanofibers was
observed. The temperature of the heated PCM had an important impact on the
diffusion of LA through the PS nanofibers. It was found that LA stopped diffusing up
into the membrane at temperatures above 70 'C, even if left for an extended period
of time. While the temperature of LA had little effect on the cohesion of LA, the
adhesion of LA and PS was negatively impacted because of increased kinetic energy
of LA molecules at higher temperatures. The distribution of LA was investigated by

TGA and found to be uniform throughout the composite nanofiber membrane [29].
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Lu et al. studied the factors that influenced the formation of porous PS nanofibers.
DMF was used as the solvent in the fabrication of PS nanofibers [28-30]. Since DMF
has a lower vapor pressure than water, it was assumed that water saturated the air jet
interface and penetrated the jet to act as a nonsolvent at the relative humidity of 42%
and 62%, and cause some of the PS to precipitate to the surface of the fibers, forming
a sheath layer. This sheath layer further slowed the evaporation rate of DMF and
water, allowing for phase separation and the formation of internal pores. Further, PS
possesses great mechanical strength and insulating properties to improve the overall

performance of the TES systems [55].

Cai et al. reported the fabrication of TES systems composed of electrospun SiO,
nanofiber mats as supporting materials for fatty acid eutectics using a similar
method [64]. The nanofibers were pyrolyzed prior to encapsulation of the PCMs.
Capric-lauric—palmitic acid (CA-LA-PA) eutectic mixture was placed in beakers
and melted at 60 "C and SiO, nanofiber mat was fully immersed for 12 h to reach
saturated absorption and hung in an oven at 60 "C for 10 h to remove residual FA
eutectic mixture. In contrast to the internal encapsulation of the PCMs in the porous
PS nanofibers, fatty acid eutectics were encapsulated in and supported by the
nanofiber membrane through physical absorption. This method used the interfiber
porosity of the nonwoven nanofiber membrane to make a nanofiber/PCM composite
mats as the form-stable PCM composites instead of the intrafiber porosity to create
form-stable PCM nanofibers. Cai et al. also fabricated form-stable PCM composite
nanofibrous mats of fatty acid eutectics and PA6 nanofibers. A piece of PA6
nanofiber mat (5 cm x 5 cm) was immersed in fatty acid eutectics at 60 "C for 10 h to
reach saturation equilibrium and then hung in an oven at 60 "C for 10 h to remove
residual fatty acid eutectics [32]. In both cases [32, 64], the PCMs were present in
the interfiber spacings of the nanofiber mat as well as in the intrafiber pores of
nanofibers. Due to strong capillary and surface tension forces, no PCM leakages
from the nanofiber mats were noticed. However, form-stable PCM composite
nanofibers containing PCMs in intrafiber pores are more desirable than PCMs in

interfiber pores because of their enhanced thermal stability and practicality [18].

2.2.2. Solvent-assisted encapsulation

Building on their previous work [29], Lu et al. developed an improved encapsulation
technique with the addition of solvent to the PCM. Solvent-assisted encapsulation is
very similar to thermal encapsulation, except the PCM is dissolved in a solvent prior
to partially immersing the supporting material. As in the case in thermal
encapsulation, capillary forces are also responsible for the diffusion of PCM solution
through the nanochannels in polymer nanofibers. A piece of polystyrene nanofiber
mat (12 cm x 3 cm x 0.2 cm) was in contact with the liquid interface of a 10 ml
solutions of 0.01~0.6 g/ml in capped glass bottles at room temperature until reaching

equilibrium in 1 h. The LAPS composite nanofibers were then hung to dry at room
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temperature in a fume hood. The diffusion of LA ethanol solution reached the top
edge of the fiber mat within 30 min. The 0.1 g/ml LA ethanol solution had a
diffusion rate of ~24 cm/h, about 64 times greater than diffusion rate of melted LA
in PS nanofibers [29]. This technique was also successful in encapsulating the LA
internally while leaving the interfiber spacing and surface of the PS nanofibers free
of PCM. The LA content was measured in different portions of the membrane and
the LA distribution was found to be homogenous and uniform. PCM loading was
controlled by solution concentration. Solutions of LA in ethanol with concentrations
of 0.01, 0.05, 0.1, 0.2, 0.4, and 0.6 g LA/ml ethanol were compared to study the effect
of initial solution concentration on PCM loading. It was found that the LA loading
inside the PS nanofibers was increased with increasing the initial LA concentration,
except in the case of 0.6 g/ml. All solution concentrations resulted in the

encapsulation of LA internally, with surfaces free of any LA [30].

3. Thermal energy storage performance

Thermal energy storage and TES system performance are influenced by the loading
capacity and overall content of PCMs in nanofibers. These properties are
investigated by studying their thermo-physical properties after repeated thermal

cycles and the structure/morphology of PCM composite nanofibers.

3.1. PCM content and distribution in nanofibers

The content and distribution of PCMs in TES systems play an important role in the
thermal energy storage capacity and performance. The thermal energy storage
capacity is a function of PCM content and other TES system properties. Latent heat
of fusion is used as a measure of thermal energy storage capacity. The specific latent
heat absorbed or released by a PCM composite material should be as close as
possible to that of the pristine PCM. A common technique to measure melting
temperature and heat of fusion is differential scanning calorimetry (DSC). DSCis a
thermo-analytical technique that measures the difference in heat needed to change
the temperature of sample and the reference material as a function of temperature.
The recommended reference material for PCMs is alumina (A1203) since it has a
well-defined heat capacity over the scanned temperature range. During a phase
change, the sample requires either more heat if it is exothermic (i.e., melting) or less
heat if it is endothermic (i.e., exothermic) processes. DSC measures the difference in
heat between the reference and sample to calculate the amount of heat absorbed or
released by the sample during the temperature change and/or phase change. The
DSC scans are overlaid and plotted as the DSC curve. The phase transition
temperature range is between the phase transition temperature (i.e., melting or
crystallization temperature), found as the onset of the line fitting of the rising

portion of the peak, and the temperature corresponding to the peak. Latent heat of
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fusion is calculated as the area under the curve during the heating/melting

process [65]. Several calculation methods are used to determine the content of PCMs
in nanofibers. The simplest method of calculating the PCM content in nanofibers is
to use the mass ratios of the PCMs and polymers for blend electrospinning. The
theoretical PCM content can also be calculated using the PCM and polymer
concentrations and feed rates of the solutions for coaxial electrospinning. An
alternative method is to selectively remove the PCM by a solvent and the weight loss
can be used to estimate the PCM content. The most accurate method is to measure
the PCM weight loss during the thermal decomposition of PCM composite
nanofibers by thermogravimetric analysis (TGA). A similarly accurate method is to
use the enthalpies to calculate the encapsulation ratio of PCM by DSC. In some cases
where the PCM is absorbed into the nanofiber membrane, the absorption capacity is

used to determine the PCM content.

The PCM contents and enthalpies of composite nanofibers made from blend
electrospinning, thermally triggered encapsulation, and solvent assisted
encapsulation were measured by simultaneous TGA-DSC technique. TGA measures
the change in weight (or mass) as a function of temperature while DSC can identify
glass transition temperature, melting and crystallization temperatures, and
cross-linking. Additionally, DSC is normalized for the instantaneous weight instead
of relying on the initial weight. The TGA thermogram of pure PS nanofibers showed
a degradation and nearly 100% weight loss in one step between 350—450 "C. The pure
LA thermogram showed a degradation and 97.8% weight loss in one step between
100-300 "C. The thermograms of LAPS composite nanofibers displayed two step
decomposition at 100-300 ‘C and 350-450 "C corresponding to LA and PS
decompositions, respectively. The weight loss in the 100-300 “C temperature range
was used to estimate the percentage of LA in the composite nanofibers. In blend
electrospun LAPS nanofibers, weight losses corresponding to LA content were
16.6%, 30.6%, 47.2%, 65.7%, 73.6%, and 78.4% for LA,,,PS,LA,;PS,LA, PS,LA,
PS, LA, PS,and LA, PS, respectively. These weight losses matched the weight ratios
of LA in the blend solutions and confirmed uniform distribution of LA in nanofibers.
Increase of LA content resulted in weakening of the peak at 416 “C, corresponding to
the endothermic decomposition of PS, confirming decreasing PS content. The
melting peak of LA strengthened and shifted to a slightly higher temperature, likely
caused by peak broadening effect. Furthermore, the decomposition signal of LA was
PSand LA, PS but was observedin LA, ,
PS and increased in strength and shifted slightly to a higher temperature with

not strong enough to distinguish in LA

0.25

increasing LA content [28].

The thermal energy storage capacity of blend electrospun LAPS composite
nanofibers was examined over the temperature range of 0-80 “C for the

determination of LA content and thermal energy storage capacity. The heat flow in
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DSC analysis was calibrated to give a more accurate temperature than traditional T1
mode which uses the programmed sample temperature instead of the actual
temperature. The DSC thermogram of pristine LA showed a unimodal endothermic
peak at 44.9 "C, assigned to the melting temperature of LA (z,,). The temperature of
melting onset (¢,,,), 43.7 C, was higher than the temperature of crystallization (z,,),
40.0 "C. This phenomenon can be explained by the supercooling effect.
Crystallization processes typically involve two steps: the formation of nuclei and
crystal growth. Crystallization can occur when a material is cooled to a temperature
where the free enthalpy of the crystal becomes smaller than the free enthalpy of
melt and enough nuclei are present. If a sufficient number of nuclei are not present,
it is possible for a material to be cooled beyond its freezing point without solidifying.
Supercooling is undesirable since it lowers and broadens the temperature range of
latent heat release. During the crystallization phase transition, exothermic latent
heat is generated. This caused the temperature to rise to 42.9 "C, forming an irregular

peak not observed in T1 mode. The crystallization of LA ,.PS occurred over a wide

0.25
temperature range of 39.2-21.1 “C. This was caused by the partial isolation of the
small LA domains by the large PS matrix, leading to fewer nuclei and

supercooling [56]. A bimodal melting peak was observed for nanofibers with lower
concentrations of LA, attributed to the small portion of LA distributed on or near
the surface and these small LA domains on the supporting surface had lower
melting temperature than the large LA domains inside nanofibers [43]. The
supercooling effect was weakened by increasing LA content and the formation of
larger LA domains. The enthalpy of melting of the LAPS nanofibers increased from
6.8 /g for LA ,;PS to 141.3 ]/g for LA, PS. The enthalpy of melting of LA is 180.2 ] /g

and the maximum storage capacity was 78.4% and observed in LA, PS [28].

The weight loss and corresponding LA content in LAPS nanofibers prepared by
thermally triggered encapsulation were greater than those fabricated by blend
electrospinning technique. LA contents were 81.5%, 51.5%, 6.1%, and 3.5%, for
LAPS,,, LAPS¢,, LAPS,,, and LAPSg,, respectively. The LA content fell to 3.5%

when temperature was increased to 80 °C. This was likely caused by a change in

50?2

interaction between LA and PS, leading to inability of LA from travelling up
capillaries at temperatures above 70 “C. Four different sections of the nanofiber mat
were analyzed for PCM distribution. A slight gradient of +1.8% of PCM loading was
found, indicating the distribution of LA was homogeneous. The portion of the
nanofiber mat that was immersed in LA had 91.1% LA loading. However, LA filled
the interfiber spacing, which was able to leak as drips or wetting of objects that were
in contact. The thermal energy storage capacity of LAPS nanofibers prepared at 50
°C and 60 °C was analyzed by DSC-TGA. An endothermic peak between 42.4-53.4
°C was observed in the thermogram during heating. A second endothermic smaller
peak appeared at 40.6 "C in the thermogram of the LAPS,,. Similar to the bimodal

peak observed in the thermogram of LAPS composite nanofibers made from
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uniaxial blend electrospinning, the second peak was attributed to the distribution of
a small amount of LA close to the surface which had a lower melting temperature.
This bimodal peak gradually disappeared after several thermal cycles, probably due
to the consolidation of LA after repeated melting. The supercooling effect was
observed in both LAPS nanofibers, with temperatures of crystallization of 42.2 °C
and 41.4 'C for LAPS,, and LAPSj,, respectively, which were lower than the
temperature of melting onset of LA at 42.4 "C. An irregular crystallization peak was
also observed. The maximum enthalpy of melting was 147.1 J/g, corresponding to a

maximum of 81.6% thermal energy storage capacity for LAPS,, [29].

Solvent-assisted encapsulated LAPS nanofibers exhibited the highest LA loading
with weight losses and corresponding LA contents of 10.6%, 36.2%, 50.9%, 71.3%,
82.2%, and 66.1% for LAPS prepared with 0.01, 0.05, 0.1, 0.2, 0.4, and 0.6 g/ml LA
ethanol solutions, respectively. The highest LA content resulted from encapsulation
with the 0.4 g/ml LA ethanol solution. This result agrees with the SEM observations
of dense packing of the 0.4 g/ml compared to the 0.6 g/ml LA ethanol solution
encapsulated LAPS nanofibers. Slower diffusion and weakened intermolecular
attractions between the solute, solvent, and polymer was likely the reason for the
decrease in LA content. The DSC thermogram showed an endothermic peak at 45.4
°C as well as a second weak peak at 41.7 'C were observed in the thermogram during
heating, corresponding to the melting of LA and the small domains of LA,
respectively. The second peak gradually disappeared after repeated thermal cycles
due to the aggregation of small LA domains. Supercooling effect resulted in a
crystallization temperature lower than that of LA. An irregular crystallization peak
was caused by the release of latent heat since the DCS was not operating in T1 mode.
The average enthalpy of melting was found to be 147.8 J/g, corresponding to 82.0%
storage capacity with respect to pure LA [30].

In comparison, the content of FA eutectics in high-temperature annealed SiO,
nanofibers was estimated using equation (1), below, where m, is the initial mass and

m is the mass after absorption.

absorption capacity = % x 100%. (1)
0

The calculated absorption capacities were 79.1%, 81.3%, and 79.5% for
CA-LA-PA/SiO, composite nanofibers prepared from SiO, nanofibers annealed at
500 "C, 600 ‘C, and 700 “C, respectively. The maximum enthalpy of melting was
100.9 J/g, while that of CA-LA-PA was 120.2 J/g [64]. The CA and CA-series fatty
acid eutectic content in PA6 nanofiber membranes was also estimated using
equation (1). The calculated absorption capacities were 72.7%, 81.9%, 78.0%, and
75.4% for CA-LA, CA-PA, CA-SA, and CA composite nanofiber membranes,
respectively. CA-SA/PA6 composite nanofibers had the highest enthalpy of melting
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for the different FA eutectics at 116.9 J/g, while that of the respective FA eutectic was
156.8 J/g [32].

Core-sheath composite nanofibers prepared by coaxial electrospinning generally
have a lower PCM content than those by blend electrospinning. The PCM content is

calculated using enthalpies by equation (2).

encapsulation ratio = M x 100%. (2)
AHp pem

A maximum encapsulation ratio of octadecane in PVB was found to be 46.4%, using
equation (2). The TGA thermogram showed mass loss during heating from 30-300
°C, corresponding to octadecane decomposition, of roughly the same weight percent.
The thermal energy storage capacity and the maximum enthalpy of melting of
composite nanofibers was found to be 105.9 J/g, while that of pure octadecane was
228.2]/g [51]. Coaxial electrospun composite nanofibers with paraffin wax in the
core and PAN sheath was analyzed by DCS for thermal energy storage capacity and
found to have an enthalpy of melting of 60.31 J/g. The corresponding encapsulation
efficiency of 54.3% was slightly higher than those mentioned previously [60]. The
PEG content in coaxial electrospun nanofibers with CA sheath was calculated using
the weights of the nanofibers before and after the removal of PEG in water. The
maximum PEG content was found to be 43.2%. The thermal energy storage capacity
of the nanofibers was analyzed by DSC. The increase of PEG content had no effect
on the phase change temperatures but resulted in an increase in enthalpies.
Enthalpies of melting of the composite nanofibers were found to be 53.0 J/g and
60.6 J/g, while that of pure PEG was 177.4 J/g. These results corresponded to a

maximum thermal energy storage capacity of 34.2% [25].

Some groups reported PCM content based on the mass percentage of PCM in the
electrospinning solution [49, 54]. This oversimplifies the final content of PCM in
composite nanofibers, especially when an additional polymer shell is used to
encapsulate the PCM core. Uniaxial blend electrospun nanofibers have a relatively
large PCM content and is often calculated from the mass ratio of PCM/polymer. The
maximum PCM content for blend electrospun mixture of plant waxes and PVA
without forming PCM particle clusters was 70%. The TGA thermogram showed a
slope corresponding to the PCM decomposition accounting for roughly 45%. This
demonstrates the discrepancy between calculated and actual PCM contents. The
thermal energy storage capacity of the composite nanofibers was investigated by
DSC. The maximum enthalpy of melting of composite nanofibers was found to be
84.72 J/g, while that of the pristine PCM mixture was 221.2 J/g. These results
corresponded to a thermal energy storage capacity of 38.3% [21]. The uniaxial blend
electrospun LAPA6 composite nanofibers fabricated by Cai et al. were investigated

for thermal energy storage capacity by DSC. The maximum enthalpy of melting was
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74.12 J/g, while that of pure LA was 173.25 J/g. One hour ethanol wash of the LAPA6
nanofibers was used to further examine the distribution of LA. Pores on the surface
of the nanofibers were observed by SEM. This indicated that small domains of LA
were present on or near the surface. However, after heat treatment at 60 "C and an
ethanol wash, the surface pores were not present. Therefore, the heat treatment

aided in the encapsulation of LA in the nanofibers [66].

3.2. Physical morphology and size

The physical morphology of nanofibers is commonly analyzed using scanning
electron microscopy (SEM) imaging. Gold plasma sputter coating is used to impart
conductivity to electrospun nanofibers made of nonconducting material(s). The
images provide representations of the nanoscale morphology of the surface and
cross-section. Fiber size can be measured by processing software such as Image]J and
the average diameter is typically determined by measuring tens of fibers if not more.
Additionally, the internal morphology can be observed after appropriate sample
preparation to expose the cross-sectional area of nanofibers [6]. SEM imaging is also

useful for analyzing the distribution of PCMs and identifying leakages.

The blend of electrospun LAPS composite nanofibers were examined by SEM. A
continuous flat collector was used so the nanofibers were deposited in a randomly
oriented mat. The PS and LAPS nanofibers all displayed uniform cylindrical shape
and size without bead formations or irregularities. The smoothest surface was
observed in the pure PS nanofibers. Surface roughness increased with increase of LA
content, most likely as a result of phase separation between LA and PS. The surfaces
of the nanofibers were all lacking any notable porosity. The size of nanofibers
decreased with the initial introduction of LA. Pure PS nanofibers were the largest,
with an average diameter of 1.93 pm. The LA composite nanofibers showed a
decrease of ~50% to 0.95 um in average diameter and a narrower size distribution
range after 20% LA was incorporated. The incorporation of 50% LA in nanofibers
resulted in the smallest size with an average diameter of 0.78 pm. The introduction
of LA in the electrospinning solution affected the electrospinning process and phase
separation of the PS nanofibers. The typical internal porosity observed in pure PS
nanofibers fabricated at high relative humidity levels resulted from vapor induced
phase separation of the hydrophobic PS and environment water vapor [55]. The size
of the LAPS composite nanofiber diameter decreased as a result of the addition of
LA to the blend solution. This was caused by the LA interfering with the phase
separation process that typically occurs with the interaction of atmospheric water
vapor and PS in DMF. The trend then changed to increasing diameter with
increasing LA content when over 50% LA was incorporated, as a result of increasing
amounts of LA being encapsulated. The average diameters of nanofibers were 0.87,

0.98, and 1.30 um for LA, PS, LA, PS, and LA, PS nanofibers, respectively.
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Cross-section

Surface

Figure 2. SEM images the overview, surface, and cross-section of LA, PS nanofibers

fabricated by uniaxial blend electrospinning [28].

The porous PS nanofibers were replaced by solid interior, as seen in the
cross-sections of LAPS composite nanofibers in figure 2. The cross-section also
displayed grainer texture, suggesting the formation of LA rich domains and

confirming the successful encapsulation of LA [28].

The thermally triggered encapsulation of LA in PS nanofibers resulted in a slight
increase in the average diameter, from 2.27 + 0.26 pm for pure PS nanofibers to 2.56 +
0.30 pm, 2.08 + 0.44 pm, 2.35 + 0.38 pm, and 2.32 + 0.32 pm for LA encapsulation at
50, 60, 70, and 80 °C, respectively. SEM images of the surface and cross-section of
LAPS nanofibers encapsulated with LA at 50 "C are shown in figure 3. The pure PS
nanofibers displayed uniform shape and size without bead formation or
irregularities. The relatively negligible effect of thermally triggered LA
incorporation on the size of composite nanofibers in comparison to the blend
electrospinning method demonstrated the mechanical strength of the PS
nanofibers [29]. The solvent assisted encapsulation of LA in PS nanofibers using
0.4 g/ml LA ethanol solution also produced LAPS composite nanofibers with slightly
larger diameter. The LAPS nanofibers had an average diameter of 2.45 + 0.76 pm as
opposed to 2.16 + 0.22 pm in pure PS nanofibers. The LAPS nanofibers also displayed
uniform shape and size without bead formation, irregularities, and a smooth surface
without any notable pores. A cross-section SEM image, seen in figure 4, shows the
interior structure of LAPS nanofibers filled with LA. Some of the internal pores
were retained in the LAPS composite nanofibers, suggesting only partially filled

nanofibers [30].

SEM images showed PA6 and of SiO, nanofibers had uniform size, cylindrical
shape, and smooth surface, respectively. The SEM images of the nanofiber mats after
absorption of FA eutectics displaced expanded nanofibers with increased diameters.
The porous structure of the interfiber spacing of the nanofiber mat provided

additional loading capacity by supporting the FA eutectics through capillary and
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Surface cross-section

Figure 3. SEM images of the overview, surface, and cross-section of LAPS nanofibers

prepared by thermally triggered encapsulation at 50 'C [29].

Figure 4. SEM image showing the cross-section of LAPS prepared by

solvent-assisted encapsulation using 0.4 g/ml LA ethanol solution [30].

surface tension effects. The accumulation of FA eutectics supported on or near the
surface resulted in an unclear distinction between PCM and polymer framework.
However, the overall shape of the nanofibers was retained and prevented leakage to

some extent [32, 64].

Coaxial electrospun PCM composite nanofibers are able to fully encapsulate PCM
in the interior core by trapping with a continuous outer sheath layer of polymer,
providing mechanical support and containment. SEM images of nanofibers with
PEG core and CA sheath show cylindrical and smooth fiber surfaces before and after
thermal cycling. The diameter of the fibers increased with increasing PEG loading.
The structure of CA nanofibers after the removal of PEG indicated the uniform
distribution and complete encapsulation of the PCM and continuous and uniform
CA sheath [25]. Coaxial electrospun octadecane/PVB nanofibers demonstrated that
the electrospinning process was negatively impacted when the polymer

concentration was not ideal. In nanofibers produced from sheath solutions with low
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Figure 5. ATR spectra of LA, PS, and LAPS composite nanofibers prepared from

0.4 g/ml LA ethanol solution and 1 h encapsulation time [30].

PVB concentration, swollen and broken fibers were observed since the PVB was not
able to completely encapsulate octadecane. At a higher PVB concentration, the
nanofibers were unbroken and the PVB sheath completely encapsulated octadecane.
This was confirmed by a petroleum ether wash that exposed a dense shell and a

hollow core structure [51].

Uniaxial blend electrospun nanofibers do not possess the sheath outer layer. SEM
images of uniaxial blend electrospun nanofibers of plant wax mixture/PVA show
rough and uniform surface. The roughness increased with increasing PCM content.
At high PCM concentrations, thinner fibers and occasional clusters were observed.
The incorporation of PCM in the PVA nanofibers increased the average fiber
diameter from 228.18 nm to 634.66 nm in 7% PVA and from 360.63 nm to 760.18 nm
in 9% PVA [21]. Blend electrospun LAPA6 composite nanofibers displayed rough
surface and ribbon shape. The LAPA6 nanofibers with smooth surface and uniform

cylindrical shape had larger diameters than the pure PA6 nanofibers [66].

3.3. Chemical structure

The entrapment of PCMs in composite materials such as nanofiber membranes can
be confirmed by using Infrared spectroscopy (IR) and Raman spectroscopy.
Successful entrapment of PCMs inside a material can be confirmed by examining
the material’s interior and surface properties. The IR signals corresponding to LA are
2915 cm * (CH3), 2848 cm™* (CH,), 1695 cm™ (C = O), 1470-1410 cm™* (CH3 and
CH,), and 1085 cm™ (C-0) as well as others. The IR signals corresponding to PS are
3029 cm™ (aromatic CH), 2923 cm™ (aliphatic CH, and CH), 1493 and 1452 cm™

1

(aromatic CC). A strong and unique carbonyl peak at 1695 cm™ can be used as an

indicator of LA content. IR spectra of the blend electrospun LAPS composite
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nanofibers showed an increasing signal for the peak at 1695 cm™ with increasing LA
content. Raman spectroscopy is a scattering technique and as such can only analyze
the surface of the material. The Raman spectra lacked LA peaks and therefore
confirmed no surface LA [28]. The IR spectra of LAPS nanofibers prepared by
thermally triggered encapsulation, shown in figure 5, had a slightly weakened LA
carbonyl peak when the temperature was increased from 50 “C to 60 ‘C, and the
carbonyl peak almost disappeared in samples prepared at 70 °C and 8o "C. The
Raman spectra signal for LA also decreased. This suggested that the amount of LA
decreased at higher temperatures and agreed with SEM observations [29]. The
Raman spectra of LAPS composite fibers prepared by solvent-assisted encapsulation
showed flattened peaks of those observed for pristine LA (1500-900 cm™). This
confirmed successful encapsulation of LA in nanofibers, which agreed with the SEM

observations [30].

3.4. PCM stability during phase change

The widespread implementation of PCMs for TES systems is limited due to the lack
of sufficiently long-term stability of storage materials [15]. A reliable TES system
requires thermal, chemical, and physical stability after repeated thermal cycles. The
thermo-physical properties of PCM composite nanofibers for TES systems are
typically not largely altered by thermal cycles and thus are relatively thermally
stable and have long life spans [67]. The long-term thermal stability of TES systems
is analyzed by investigating the thermo-physical properties after going through
thermal cycles repeatably. Accelerated thermal cycle tests using an oven or
temperature controlled electric hot plate can be used to simulate the thermal cycles
of a TES system. A small sample can be used to test the thermo-physical properties
after a number of cycles. Thermal stability of latent heat storage is indicated by
negligible change of melting point and enthalpy of fusion [65]. The TGA-DSC
thermogram of blend electrospun LAPS nanofibers showed that onset temperature
of PS degradation was unaffected and demonstrated that the integrity of PS was
unaffected by LA content. The containment of a liquid PCM after phase change
requires continuous and uniform polymer supporting material. This was tested in
the LAPS composite nanofibers by removing LA using ethanol, a solvent for LA and
nonsolvent for PS. IR spectra as well as TGA-DSC suggested the complete removal of
LA. The PS nanofibers were examined again by SEM and found to be continuous
without any breaks or cavities. Additionally, the PS nanofibers were highly porous
after the removal of LA. Thermal-induced leakage of LA was investigated by heating
to 60 "C for 24 h. The heat-treated LAPS nanofibers had a strong absorbance at 1695
cm™, corresponding to LA. Slight curling of the membrane edges, common for

thermal sensitive membranes, was observed but no LA droplets were found on the
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underlying aluminum foil. TGA-DSC analysis closely matched the weight loss and
LA content of the original LAPS composite nanofibers, indicating proper PCM

containment without noticeable PCM leakage [28].

The stability of LAPS nanofibers prepared by thermally triggered encapsulation
was examined by 100 continuous heating-cooling cycles using DSC, as shown in
figure 6. The melting and crystallization temperatures slightly shifted and the shape
of melting thermograms was retained. The heat flow during crystallization was

altered after 100 thermal cycles and in the case of the LAPS, , the peak split from a

50°
single to double peaks. This was likely a result of the formation of tiny channels
connecting the internal LA to the surface of the nanofibers during the thermal
expansion and contraction of PS and melting and crystallization of LA. However,
variations in the overall heat released during crystallization were negligible. The
enthalpy of crystallization was found to be 146.7 J/g for the 1st cycle and 146.4 J/g
after the 100th cycle for LAPS,, composite nanofibers. The LAPS nanofibers
demonstrated a robust thermal cycling stability and reusability with retained
thermal energy storage capability without notable deterioration [29]. The stability
of LAPS composite nanofibers prepared by solvent-assisted encapsulation was
examined by 100 continuous heating-cooling cycles by DSC. SEM images after 100
thermal cycles confirmed the successful encapsulation of LA by a lack of any
observable leakage, no LA droplets on surface or interfiber spacing, and densely
packed LA domains in the interior. The removal of LA by ethanol resulted in PS
nanofibers displaying porous interiors but no breaks [30]. The thermal stability of
fatty acid eutectic/SiO, composite nanofibers were examined by 50 DSC thermal
cycles. The thermogram did not show any notable change in enthalpy of
crystallization and good thermal reliability, suggesting a long lifetime of use [64].
However, the lower number of thermal cycles and lack of additional methods of
testing the PCM composite nanofibers alludes to the questionable thermal stability

of these form-stable PCM nanofiber membranes.

Coaxial electrospun PCM composite nanofibers demonstrated good thermal
stability during phase change. This was demonstrated by 100 thermal cycles in DSC
for PEG core-CA sheath nanofibers. The enthalpies of crystallization only decreased
by 0.5-0.7 J/g [25]. The thermal stability of octadecane/PVB core-sheath nanofibers
was investigated by periodic simulated solar irradiation of model houses during
repeated heating/cooling cycles. The inner temperatures of the model houses showed
good repeatability. These results indicated the complete encapsulation, stability, and

reliability of the PCM composite material [51].

Uniaxial electrospun PCM composite nanofibers also demonstrated less desirable
thermal stability during phase change. The thermal stability of uniaxial blend
electrospun mixture of plant oils and PVA was investigated by DCS thermal cycling

for 10 cycles and heat treatment in a convection oven at 50-80 "C for 5 min to 2 h.
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Figure 6. 100 thermal cycle (20-60 "C) DSC thermogram of LAPS composite
nanofibers prepared with 0.4 g/ml LA ethanol solution and 1 h encapsulation time
(A), LAPS nanofibers after 100 thermal cycles (B,C), and LAPS nanofibers after 100
thermal cycles and LA removal by ethanol (D,E) [30].

The maximum enthalpy of melting decreased by 0.31 J/g after 10 thermal cycles. For
the nanofibers electrospun from a lower PVA concentration, after 2 h at 50-60 °C,

surface porosity was retained; however, at 70-80 °C smooth surfaces were observed,
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indicating PCM distribution across the surface. The higher PVA concentration
composite nanofibers showed an increase in number of pores after thermal
treatment, indicating PCM leakage. The difference in polarity between the PCM and
PVA caused phase separation during PCM melting and PCM was observed to

accumulate on the fiber surface or interfiber spacing [21].

4. Conclusions

Thermal energy storage of latent heat by PCM composite materials is a promising
approach for improving thermal management and efficiency of energy storage and
use. Typical core-shell PCM capsules have limited loading capacity and PCM content
is further reduced after incorporating into bulk material. Electrospun nanofibers
have gained considerable attention recently as a facile approach for the fabrication
of continuous nonwoven nano- and micro-meter scale fibers from a wide range of
materials and composites. The properties of nanofibers are enhanced by their small
size and extremely large specific surface area. This imparts faster retrieval and
release of thermal energy. Blend and coaxial electrospinning techniques have been
extensively researched for the manufacturing of PCM composite nanofibers. These
traditional electrospinning techniques have limitations on maximum PCM content,
distribution, and thermal energy storage capacity. The LAPS composite nanofibers
produced by blend electrospinning and post electrospinning encapsulation
techniques showed high PCM loading and thermal energy storage capacity. The
LAPS nanofibers prepared by solvent-assisted encapsulation had the highest loading
of PCM and thermal energy storage capacity of 82.0% and 147.8 J/g, respectively. The
incorporation of LA in PS nanofibers was examined by SEM imaging and complete
encapsulation was confirmed by IR and Raman. The post electrospinning
encapsulation technique had similarly high PCM loading as PCM absorption
technique, but with the added benefits of complete internal encapsulation of PCM,
no interfiber membrane PCM containment, and higher thermal energy storage
capacity. The stability of LAPS nanofibers prepared by solvent-assisted
encapsulation was confirmed by 100 thermal cycles using DSC. This PCM composite
nanofiber preparation technique proved to be highly efficient in PCM encapsulation

and thermal energy storage capacity as well as highly stable in thermal cycles.
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