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Keywords: Abstract — This study aims to inform about the up-to-date knowledge on the applications of
Microcapsule, microencapsulated phase change materials (MEPCMs). The most recent applications of MEPCMs
Thermochromic system, are in the fields of thermotropic, thermochromic and electrospinning, which can be considered
Thermotropic system, as smart systems. MEPCMs serve as protector materials for those unresistant against thermal

environmental conditions. The common treatment of them is thermal storage. They serve other
or hybrid properties after functionalization. Especially in solar energy systems, thermotropic
materials are an important technology for overheating protection. Applications of reversible
thermochromic microcapsules are extensively applied in many ways: sinks, coatings of smart
materials, cement, textiles, luminescent thermosensors, and colour indicators. Nanofibers
obtained by electrospinning method have many uses such as cosmetic applications, tissue
engineering, filtration applications, agricultural applications, nanosensors, biomedical tools,
protective clothing, reinforced composite making, controlled active substance release and will
serve shortly responding thermal systems to environmental changes due to extended surface
area and body structure due to fiber formation.

Electrospinning method

Subject Classification (2020):

1. Introduction

Storage of low or high heat energy temporarily for later use is defined as thermal energy storage. This
feature acts as a transition between the energy need and the use of energy [1]. There are three types of
heat storage methods: latent heat, sensible heat, and chemical reaction heat. Among the different
thermal energy storage techniques, one of the most effective thermal energy storage methods is latent
heat storage due to its high energy storage capacity. Latent heat is defined as the heat stored or emitted
during phase change [2-6]. Substances that can absorb and store heat during the transition from one
phase to another, i.e., during the phase change process, and on the contrary, can dissipate this stored
heat in the case of phase change are known as phase changing substances (PCM) [3,4]. Phase changing
substances transition from one phase to another within a certain temperature range [5]. Substances
show four types of phase changes: solid-liquid, liquid-gas, solid-gas and solid-solid phase change [7-9].
PCM's temperatures are constant during melting and freezing/crystallization. With this feature, PCMs
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absorb more heat than other materials [10-12]. During the phase change, its temperature remains
constant until the phase changing substance melts or solidifies [13-15].

The fact that they absorb a large amount of latent heat and emit this latent heat during melting and
solidification processes without a significant temperature change causes phase changing substances to
be in great demand as a heat storage source. The latent heat energy that occurs during the solid-liquid
phase change is much higher than the energy (sensible heat) generated during the cooling/heating of
the substance [4-6]. PCMs with different melting temperatures are used in various fields for thermal
energy storage. For example, they are used in building materials, textile products, transportation and
storage of temperature-sensitive materials (medical products, food, etc.), cooling of electronic devices,
active and passive heating and cooling systems [16]. Classification of PCMs used for thermal energy
storage is given in Figure 1.
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Figure 1. Classification of PCMs used for thermal energy storage [6]

Some basic parameters such as phase change temperature, phase change enthalpy, solid and liquid heat
capacity and thermal conductivity should be considered while selecting PCM. Substances that have
phase change in the range of 0-120 °C are candidates for use as PCM. These are grouped as organic,
inorganic, and mixtures and also divided into subgroups within themselves [17]. Solid-liquid organic
PCM species can leak into their environment during the heat storage process if applied directly to the
material without encapsulation. Most organic PCMs are flammable, posing a serious potential fire
hazard, in addition to having low thermal conductivity and poor thermal response. However, most
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inorganic PCMs are corrosive, which can cause irreversible damage to storage containers [10]. Such
problems can be overcome using microencapsulated phase change materials (MEPCMs) or
nanocapsulated phase change material (NEPCM) with different encapsulation technology. As shown in
Figure 2, a typical structure of MEPCM or NEPCM consists of core and shell layers that can be classified
as mononuclear, polynuclear, or matrix type [6]. The thermophysical properties of some paraffin are as
in Table 1. Also, the thermophysical properties of some eutectic PCMs are given in Table 2.

Tablel. Thermophysical properties of some paraffin [6]

Chemical

Name formuia Tm €O H(kj/kg) — kW/mK)  p(kg/m®)  Cp (kj/kg)
n-Dodecane C12H26 -12 216 0.21(s),0.21 (D) 750 n.a
n-Tridecane C13Hzs -6 n.a. n.a. 756 n.a
n-Tetradecane C14H3o 4.5-5.6 231 n.a. 771 n.a
n-Pentadecane CisHs2 10 207 0.17 768 n.a
n-Hexadecane Ci6H34 18.2 238 0.21(s) 774 n.a
n-Heptadecane Ci7H36 22 215 n.a. 778 n.a
n-Octadecane CisHss 28.2 245 0.35(s), 0.149 (1) 814 (s),775 () 2.14 (s),2.66 (1)
n-Nonadecane C19Ha0 319 222 0.21 (s) 912 (s), 769(D) n.a.
n-Eicosane C20H42 37 247 n.a. n.a. na.
n-Heneicosane C21Has4 41 215 n.a. n.a. n.a
n-Docosane C22Hae 44 249 n.a. n.a. n.a
n-Tricosane C23Has 47 234 n.a. n.a. n.a
n-Tetracosane C24Hso 51 255 n.a. n.a. n.a
n-Pentacosane C2sHs2 54 238 n.a. n.a. n.a
Table 2. Thermophysical properties of some eutectic PCMs [6]
Name Composition (wt. %) T (°C) H (kj/kg)
Diethylene glycol n.a. -10 247
Tetradecane+octadecane n.a. -4.02 227.52
Water+polyacrylamide n.a. 0 295
Tetradecane+docosane n.a. 1.5-5.6 234.33
Tetradecane+hexadecane 91.67+8.33 1.7 156.2
Tetradecane+geneicosane n.a. 3.54-5.56 200.28
Na2S04+NaCl+KCl+H20 31+13+16+40 4 234
Tetrahidrofurano (THF) n.a. 5 280
Pentadecane+heneicosane n.a. 6.23-7.21 128.25
Pentadecane+docosane n.a. 7.6-8.99 214.83
Pentadecane+octadecane n.a. 8.5-9.0 271.93
NazS04+NaCl+KCl+H20 32+14+12+42 11 n.a.
CsHsCeHs+(CeHs)20 26.5+73.5 12 97.9
Triethylolethane+water+urea 38.5+31.5+30 13.4 160

(Cp: Specific heat (K] / kg), H: Latent heat (K] / kg), k: Thermal conductivity (W / m e K), T: Melting temperature (°C), p: Density (kg / m3).
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Microcapsules are nano, micro or macro-sized particles produced by placing an active ingredient in a
polymeric wall structure as the core material. Phase-changing microcapsules are microcapsules
containing PCM as the core material. By microencapsulation, the PCM in the liquid phase can be packed
in micro size, and the permanence in the structure can be ensured [18]. Microcapsules can be single-
core, multi-core and matrix-shaped structures. The compatibility of core-wall materials is also essential.
Also, the morphology of microcapsules can be a smooth, symmetrical shape, depending on the chemicals
used and the production methods, or they can be porous and rough. A schematic representation of the
microcapsule morphology is given in Figure 2.
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Figure 2. Structure of MEPCMs and NEPCMs[17]

The working principle of MEPCM is given in Figure 3.
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Figure 3. Working principle of a MEPCM in an energy storage system [19]
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Commonly used microcapsule production techniques are as follows.

Chemical Process Mechanical Process

Interface Polymerization Spray Drying Method

Emulsion Polymerization Cool-Drying Method

Micel Polymerization Hot Melt Microencapsulation
Radical Chain Polymerization Centrifuge Method
Polycondensation Polymerization Rotational Suspension Separation
In-Situ Polymerization Fluid Bed Method

Phase Separation Method (Coacervation)
1. Simple Coacervation
2. Complex Coacervation

Supercritical Fluid Method

Molecular Encapsulation Method

With the advancement of technology, the demand for micro/nano-sized materials increases day by day.
Microcapsules take their place in almost every aspect of our lives. Issues related to MEPCMs [20-23]
with excellent latent thermal energy storage capacity [24- 28] have been extensively investigated in
recent years. It has made significant progress in fundamental research MEPCMs, solar-thermal
conversion systems [29], thermal energy storage, and the like. Also, significant progress has been made
in some areas, such as encapsulated autonomous healing materials, drug delivery, photochromic
materials and reversible thermochromic materials, thermotropic materials, and nanofiber production
[30].

2. Thermochromic systems

Applications of reversible thermochromic microcapsules are extensively applied in areas such as inks
[31], coatings of smart materials [32], cement, textiles [33], luminescent thermosensors [34] and colour
indicators [35]. Recently, luminescent dye or leuco dye-based thermochromic (TC) systems [36] have
been chosen as core materials for fabricating the temperature-sensitive thermochromic microcapsule
[30, 37]. Chromic materials can respond to external stimuli such as light, temperature, humidity, pH
change, and electric and magnetic fields [38-41]. Thermochromism is defined as the reversible change
in the component's colour with temperature [40, 41]. Reversible thermochromic are technically direct
or indirect systems. Direct thermochromic systems show colour change with direct heat. Unlike direct
systems, the colour change in indirect thermochromic systems depends on the change in the ambient
temperature. Examples of direct thermochromic systems are stereoisomerism, liquid crystals and
molecular rearrangements [42-45]. Indirect thermochromic systems themselves do not show
chromism; they require a combination of a leuko dye, a developer and a solvent in certain proportions.
Therefore, these systems can be named multicomponent systems [46]. Organic thermochromic
materials have many advantages, such as regulating colour change according to temperature and
regulating the variety of colour changes and therefore have become the main research focus in recent
years [38-41]. Thermochromic materials have broadly important application areas such as security
printing, plastic tape thermometers, food packaging, medical thermography, non-destructive testing of
engineering products, electronic circuitry systems [45], the pharmaceutical industry and the limited
range textile industry. In multicomponent systems, reversible colour change at a certain temperature
from one colour to another or colourless to colour depends on a developer's interaction in an
environment created by a colour generator (a leuco dye) and a co-solvent. The solvent creates a phase
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change medium for the three-component thermochromic system. The melting and crystallization points
of the solvent determine the system's colour change temperatures [42,46]. Alcohols, hydrocarbons,
esters, ethers, ketones, and fatty acids are examples of solvents for thermochromic composites [43-50].
The colour improver is a weak acid that acts as proton donors to create the coloured state of the leuco
dye components. The most commonly used improvers are bisphenol-A, gallates and phenols. Leuco dyes
are electron donors such as spirolactone, spiropyrans or fluoranes, the most common of which is the
crystalline purple lactone (CVL) dye. In the three-component thermochromic system, leuco dye and
developer interact with each other at low temperature. In that case, the lactone ring opens up and the
system gives a strong colour in the solid phase. When the temperature rises, the system is colourless
due to the closed lactone ringin the liquid phase [40, 41, 46-48, 51, 52]. Thermochromic systems show
lower enthalpy since they consist of phase change agent, dye and dye auxiliary chemical. The dissolved
dye and dye auxiliary chemical cause the phase change temperature to decrease due to the cryoscopic
effect. This is a typical situation for thermochromic systems, and the decrease in enthalpy is a
disadvantage. In contrast, the decrease in the phase change temperature is a significant advantage since
the operating temperature can be adjusted. Figure 4 shows the formation process of thermochromic
microencapsulated phase change materials (TC-MEPCM) prepared by the in-situ polymerization
method. In Figure 5, a nanocapsule drawing with a thermochromic energy storage feature is given.
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Figure 4. Formation process of TC-MEPCMs [30]
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Figure 5. Raspberry-shaped nanocapsule drawing with thermochromic energy storage property [53]
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3. Thermotropic systems

Chromogenic materials are perfectly suited for solar control glass applications [54-56]. Scientists and
engineers have turned to develop new electrochromic, thermochromic and thermotropic materials for
potential technical applications. Usually, conventional non-modifiable protective solar films combine
reflection and absorption of infrared and UV rays, resulting in a noticeable temperature drop during the
summer months [57]. In contrast, thermochromic and thermotropic systems can be compared in their
impact on the energy efficiency of buildings. Here, thermotropic materials that act based on reflective
effects appear to be more advantageous. Reflection partially prevents sunlight from entering the
building and windows and facade elements and is, therefore, more advantageous compared to
thermochromic systems. Thermochromic systems come to the fore in applications where a permanent
appearance is needed from the inside out. Thermotropic systems exhibit light scattering feature
depending on temperature change. If increased scatter is associated with significant backscatter due to
temperature rise, the materials are suitable for an application in solar control. This area investigated
thermotropic effects of phase separation, an isotropic and an anisotropic (liquid-crystalline) phase
transition and areas between the case and the matrix of a refractive index caused by extremely different
temperature dependence [58]. Fixed-area (TSFD) thermotropic systems change their light transmission
from transparent to light scatter when they reversibly reach a certain threshold temperature. [59, 60].
Due to their autonomous temperature-triggered mode of operation, they are superior to actively
operated shading devices which can be more prone to component malfunction [61]. Thus, TSFD can
provide efficient overheating protection for buildings and solar thermal collectors [62, 63].
Thermotropic overheating protection is an important technology, especially for installing solar
collectors made of cost-effective plastics [63, 64]. TSFD consists of at least two components: a matrix
material and a thermotropic additive as the minor component finely dispersed in it. Both components
exhibit similar refractive indices at temperatures below the threshold temperature. As a result,
incoming solar radiation is not scattered, and the TSFD appears transparent [65]. Schematic sections of
a thermotropic transparent outer insulation and coating (TEIF) system are given in Figure 6.

thermotropic layer absorber

transparent finish Tl capillaries

Figure 6. Schematic cross-sectional representation of a thermotropic transparent outer insulation and
coating (TEIF) system [66]
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4. Electrospinned MEPCMs

The electrospinning process [67-70] produces superfine fibers with diameters ranging from 10 mm to
10 nm by forcing a polymer melt or a solution through a spinneret with an electric field and then pulling
the formed filaments as they solidify or coagulate. Due to the ease with which nanometer-sized fibers
can be produced from a range of natural and synthetic polymers, they have received much attention in
technology recently [71]. Nanofibers have a diameter of less than 1um, and they are filamentous
structures whose lengths are considerably higher than their diameters. Polymeric nanofibers can be
produced by different techniques such as drawing, mould synthesis, phase separation, self-assembly
and electrospinning [72]. Among these methods, the electrospinning method has many advantages such
as high encapsulation efficiency, ease of application, high loading capacity, the ability to work with
synthetic and natural polymers, obtaining fibers in sizes ranging from a few nanometers to micrometers,
obtaining mechanically durable and flexible fibers, no need for purification because one type of fiber is
obtained, two or three-dimensional fiber production, obtaining very long fibers from a few centimeters
to meter dimensions and low-cost method.

In addition to these advantages, the disadvantage of the method can be considered the unstable jet
formation, the fact that many parameters significantly affect the fiber formation and structure [73].
Nanofibers have a high molecular orientation. Due to their small size, they have fewer structural defects
and thus have very well mechanical properties. Due to the small diameter, they have high
surface/volume ratios or surface/ mass ratios, so they have high surface areas. The fact that nanofibers
form structures with a large surface area increases their capacity to retain or emit functional groups,
ions and a wide variety of nano-level particles [74]. Nanofibers obtained by the electrospinning method
have many uses such as cosmetic applications, tissue engineering, filtration applications, agricultural
applications, nanosensors, biomedical tools, protective clothing, reinforced composite making,
controlled active substance release [75]. One of the alternative applications is to transform
microcapsules into nanofibers with the electrospinning method to increase their applicability in
different areas by expanding their surface area. This method, known as electrospinning, is a method
developed to produce nanofibers from polymer solutions and is one of the easiest methods applied to
form polymer-based nanofibers. This method makes it possible to create nanofibers with various
morphological properties in a controlled manner with polymer solutions within the electric field
generated by high voltage. The schematic representation of the electrospinning system is given in Figure
7.
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Figure 7. Schematic representation of the electrospinning system [75]
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Figure 8. Schematic representation of the microencapsulated nanofiber production [76]

5. Conclusion

Microencapsulated phase change materials (MEPCMs) were first used in applications such as buildings
and textiles with direct doping methods for heating and air conditioning. For this purpose, they are used
for coating purposes in the interior of buildings by adding to plaster, as well as bonded to textile fiber
cross-sections or surfaces. After a while, they have also been validated for different purposes, such as
thermotropic systems, thermochromic and sensor materials, and electrospinning fabrics. Especially in
solar energy systems, thermotropic materials are an important technology for overheating protection.
Thermotropic systems are also used as a heating component in hybrid systems, benefiting from the
greenhouse effect. Applications of reversible thermochromic microcapsules are extensively applied in
many areas such as inks, coatings of smart materials, cement, textiles, luminescent thermosensors and
colour indicators. Nanofibers obtained by the electrospinning method have many uses, such as cosmetic
applications, tissue engineering, filtration applications, agricultural applications, nanosensors,
biomedical devices, protective clothing, reinforced composite production, controlled active substance
release. In the present study, it is aimed to summarize the innovations and applications of MEPCMs. It
is thought that these materials will take place as an important group in the smart materials class in the
next period. It is estimated that the usage areas will develop by adding new ones every day.

Author Contributions

Ruhan Altun Anayurt: Conceptualization, investigation, writing original draft, review and editing.
Cemil Alkan: Investigation, writing original draft, review and editing, supervision.

Conflicts of Interest

The authors declare that they have no known competing commercial interests or personal relationships
that could have influenced the work reported in this paper.

References

[1] S.Mondal, Phase change materials for smart textiles - An overview, Applied Thermal Engineering,
28, (2008) 1536-1550.



Anayurtand Alkan / JNRS /10(1) (2021) 24-37 33

[2] Y. Boan, Physical mechanism and characterization of smart thermal clothing, p. 267, PhD
Dissertation, The Hong Kong Polytechnic University (2005) Hong Kong, China.

[3] A.Sar, A. Biger, C. Alkan, Poly (styrene-co-maleic anhydride)-graft-fatty acids as novel solid-solid
PCMs for thermal energy storage, Polymer Engineering and Science, 59(2), (2019) E337-E347.

[4] R. Altun-Anayurt, C. Alkan, S. Alay-Aksoy, S. Demirbag, M. S. Toziim, /nfluence of hydrophilic
comonomer on thermal properties of Polymethylemethacrylate/N-Alkanes microcapsules, Textile
and Apparel, 27(2), (2017) 163-172.

[5] C. Alkan, C.Rathgeber, P. Hennemann, S. Hiebler, Poly(ethylene-co-1-tetradecylacrylate)
and poly(ethylene-co-1-octadecylacrylate) copolymers as novel solid-solid phase change materials
for thermal energy storage, Polymer Bulletin, 76, (2019) 2021-2039.

[6] W. Su, J. Darkwa, G. Kokogiannakis, Review of solid-liquid phase change materials and their
encapsulation Technologies, Renewable & Sustainable Energy Reviews, 48, (2015) 373-391.

[7] A.Arshad, M. ]Jabbal, Y. Yan, ]. Darkwa, The micro-/nano-PCMs for thermal energy storage systems:
A state of art review, International Journal of Energy Research, 43, (2019) 5572-5620.

[8] G.Fanga, H. Li, F. Yanga, X. Liua, S. Wua, Preparation and characterization of nano-encapsulated n-
tetradecane as phase change material for thermal energy storage, Chemical Engineering Journal,
153(1-3), (2009) 217-221.

[9] F.Salalin, I. Vroman, /nfluence of core materials on thermal properties of melamine-formaldehyde
microcapsules, European Polymer Journal, 44, (2008) 849-860.

[10] L. Sanchez, P. Sanchez, A. Lucas, M. Carmona, J. F. Rodriguez, Microencapsulation of PCMs with a
polystyrene shell, Colloid and Polymer Science, 285, (2007) 1377-1385.

[11] M. Delgado, A. Lazaro, ]. Mazo, B. Zalba, Review on phase change material emulsions and
microencapsulated phase change material slurries: Materials, heat transfer studies and
applications, Renewable and Sustainable Energy Reviews, 16(1), (2012) 253-273.

[12] A. Sharma, V. V. Tyagi, C. R. Chen, D. Buddhi, Review on thermal energy storage with phase change
materials and applications, Renewable and Sustainable Energy Reviews, 13(2), (2009) 318-345.

[13] D. Zhou, C. Y. Zhao, Y. Tian, Review on thermal energy storage with phase change materials (PCMs)
in building applications, Applied Energy, 92, (2012) 593-605.

[14] F. Agyenim, N. Hewitt, P. Eames, M. Smyth, 4 review of materials, heat transfer and phase change
problem formulation for latent heat thermal energy storage systems (LHTESS), Renewable and
Sustainable Energy Reviews, 14, (2010) 615-628.

[15] L. F. Cabeza, A. Castell, C. Barreneche, A. de Gracia, A. . Fernandez, Materials used as PCM in thermal
energy storage in buildings: A review, Renewable and Sustainable Energy Reviews, 15, (2011)
1675-1695.

[16] A. Karaipekli, A. Sari, Capric-myristic acid/vermiculite composite as form-stable phase change
materials for thermal energy storage, Solar Energy, 83, (2009) 323-332.

[17] S. K. Ghosh, Functional Coatings by Polymer Microencapsulation, p.357, Wiley-VCH Verlag GmbH&
Co, KGaA, Germany, 2006.

[18] G. L. Zou, Z. C. Tan, X. Z. Lan, L. X. Sun, T. Zhang, Preparation and characterization of
microencapsulated hexadecane used for thermal energy storage, Chinese Chemical Letters, 15(6),
(2004) 729-732.

[19] Anonim, 2013. Microcapsule structure. https://www.google.com.tr- (15.09.2013).

[20] L. Pan, Q. H. Tao, S. D. Zhang, S. H. Wang, ]. Zhang, S. H. Wang et al,, Preparation, characterization
and thermal properties of micro-encapsulated phase change materials, Solar Energy Mater Solar
Cells, 98, (2012) 66-70.



Anayurt and Alkan /JNRS /10(1) (2021) 24-37 34

[21] F. Salatin, G. Bedek, E. Devaux, D. Dupont, L. Gengembre, Microencapsulation of a cooling agent by
interfacial polymerization: Influence of the parameters of encapsulation on poly(urethane-urea)
microparticles characteristics, Journal of Membrane Science, 370, (2011) 23-33.

[22] T.Y.Wang, S. F. Wang, R. L. Luo, C. Y. Zhu, T. Akiyama, Z. G. Zhang, Microcapsulation of phase change
materials with binary cores and calcium carbonate shell for thermal energy storage, Applied
Energy, 171, (2016) 113-110.

[23] A. Sary, C. Alkan, D. Kahraman Doégiiscti, A. Bicer, Micro / nano-encapsulated n heptadecane with
polystyrene shell for latent heat thermal energy storage, Solar Energy Mater Solar Cells, 126,
(2014) 42-50.

[24] Y.]. Ma, ]. W. Zong, W. Li, L. Chen, X. F. Tang, N. Han, et al., Synthesis and characterization of thermal
energy storage microencapsulated n-dodecanol with acrylic polymer shell, Energy, 87, (2015) 86-
94,

[25] F. N. Li, X. D. Wang, D. Z. Wu, Fabrication of multifunctional microcapsules containing n -eicosane
core and zinc oxide shell for low-temperature energy storage, photocatalysis, and antibiosis,
Energy Conversion and Management, 106, (2015) 873-85.

[26] P. Zhang, X. Xiao, Z. W. Ma, A4 review of the composite phase change materials: Fabrication,
characterization, mathematical modeling and application to performance enhancement, Applied
Energy, 165, (2016) 472-510.

[27] K. Kant, A. Shukla, A. Sharma, Advancement in phase change materials for thermal energy storage
applications, Solar Energy Mater Solar Cells, 172, (2017) 82-92.

[28] F. Y. Jiang, X. D. Wang, D. Z. Wu, Design and synthesis of magnetic microcapsules based on n-
eicosane core and Fe304 / SiO2 hybris shell for dual-functional phase change materials, Applied
Energy, 134, (2014) 456-468.

[29] Z. L. Zheng, Z. Chang, G. K. Xu, F. McBride, A. Ho, Z. Zhuola, et al., Microencapsulated phase change
materials in solar-thermal conversion systems: Understanding geometry-dependent heating
efficiency and system reliability, ACS Nano, 11, (2017) 721-729.

[30] X. Geng, W. Li, Y. Wang, J. Lu, J. Wang, N. Wang, ]J. Li, X. Zhang, Reversible thermochromic
microencapsulated phase change materials for thermal energy storage application in thermal
protective clothing, Applied Energy, 217, (2018) 281-294.

[31] R. Kular, M. Friskovec, N. Hauptman, A. Vesel, M. K. Gunde, Colorimetric properties of reversible
thermochromic printing inks, Dyes and Pigments, 86, (2010) 271-277.

[32] L. Huy, S. Y. Lyu, F. Fu, ]J. D. Huang, S. Q. Wang, Preparation and properties of multifunctional
thermochromic energy-storage wood materials, Journal of Membrane Science, 51, (2016) 2716-
2726.

[33] W. Zhang, X. Q. Ji, C. ]. Zeng, K. L. Chen, Y. ]. Yin, C. X. Wang, A new approach for the preparation of
durable and reversible colour changing polyester fabrics using thermochromic leuco dye-loaded
silica nanocapsules, Journal of Material Chemistry C, 5, (2017) 8169-8178.

[34]]. Feng, L. Xiong, S. Q. Wang, S. Y. Li, Y. Li, G. Q. Yang, Fluorescent Temperature Sensing Using
Triarylboron Compounds and Microcapsulesfor Detection of a Wide Temperature Range on the
Micro- and Macroscale, Advanced Functional Materials, 23, (2013) 340-345.

[35] C.]. Yu, Y. H. Zhang, D. K. Cheng, X. T. Li, Y. G. Huang, . A. Rogers, All-elastomeric, strain-responsive
thermochromic colour indicators, Small Journal, 10, (2014) 1266-1271.

[36] O. Pandk, M. Drzkova, M. Kaplanova, /nsight into the evaluation of colour changes of leuco dye-
based thermochromic systems as a function of temperature, Dyes and Pigments, 120, (2015) 279-
287.

[37] H. Wang, ]. Luo, Y. Y. Yang, L. Zhao, G. L. Song, G. Y. Tang, Fabrication and characterization of
microcapsulated phase change materials with an additional function of thermochromic
performance, Solar Energy, 139, (2016) 591-598.



Anayurt and Alkan /JNRS /10(1) (2021) 24-37 35

[38] R. M. Christie, and 1. D. Bryant, An evaluation of thermochromic prints based on microencapsulated
liquid crystals using variable temperature colour measurement, Coloration Technology, 121,
(2005) 187-192.

[39] I. Malherbe, R. D. Sanderson, E. Smit, Reversibly thermochromic micro-fibres by coaxial
electrospinning, Polymer, 51(22), (2010) 5037-5043.

[40] M. A. Chowdhury, B. S. Butola and M. Joshi, Application of thermochromic colorants on textiles:
temperature dependence of colorimetric properties, Coloration Technology, 129, (2013) 232-237.

[41] M. A. Chowdhury, M. Joshi and B. S. Butola, Photochromic and Thermochromic Colorants in Textile
Applications, Journal of Engineered Fibers and Fabrics, 9(1), (2014) 107-123.

[42] M. Friskovec, R. Kulcar and M. K. Gunde, Light fastness and high-temperature stability of
thermochromic printinginks, Coloration Technology, 129, (2012) 214-222.

[43] R. Kulcar, M. Friskovec, N. Hauptman, A. Vesel, M. K. Gunde, Colorimetric properties of reversible
thermochromic printinginks, Dyes and Pigments, 86, (2010) 271-277.

[44] O. Panak, M. Drzkova, M. Kaplanova, /nsight into the evaluation of colour changes of leuco dye-
based thermochromic systems as a function of temperature, Dyes and Pigments, 120, (2015) 279-
287.

[45] O. Panak, M. Drzkova, M. Kaplanova, U. Novak, M. Klanjsek Gunde, The relation between colour and
structural changes in thermochromic systems comprising crystal violet lactone, bisphenol A, and
tetradecanol, Dyes and Pigments, 136, (2017) 382-389.

[46] M. S. Tozlim, S. Alay Aksoy and C. Alkan, Microencapsulation of Three-Component Thermochromic
System for Reversible Color Change and Thermal Energy Storage, Fibers and Polymers, 19, (2018)
660-669.

[47] M. Rosita Kantola, DDS, Hemmo Kurunmaki, CDT, MDT, Pekka K. Vallittu, DDS, PhD, CDT, and Lippo
V.]. Lassila, DDS. Use of thermochromic pigment in maxillofacial silicone elastomer, The Journal of
Prosthetic Dentistry, 110, (2013) 320-325.

[48] R. M. Christie, S. Robertson, and S. Taylor, Design concepts for a temperature-sensitive environment
using thermochromic colour chang, Colour: Design & Creativity, 1(1), (2007) Article Number: 5, 1-
11.

[49] X. Geng, W. Li, Q. Yin, Y. Wang, N. Han, N. Wang, ]. Bian, ]. Wang, X. Zhang, Design and fabrication of
reversible thermochromic microencapsulated phase change materials for thermal energy storage
and its antibacterial activity, Energy, 159, (2018) 857-869.

[50] X.Y.Geng, W. Li, Y. Wang, ]. W. Lu, ]. P. Wang, N. Wang, ]. ]. Li, X. X. Zhang, Reversible thermochromic
microencapsulated phase change materials for thermal energy storage application in thermal
protective clothing, Applied Energy, 217, (2018) 281-294.

[51] K. Basnec, M. Hajzeri, M. Klanjsek Gunde, Thermal and colour properties of leuco dye-based
thermochromic composite with dodecanol solvent, Journal of Thermal Analysis and Calorimetry,
127(1), (2016) 55-61.

[52] B. Di Credico, G. Griffini, M. Levi, S. Turri, Microencapsulation of a UV-responsive photochromic dye
by means of novel UV-screening polyurea-based shells for smart coating applications, ACS Applied
Material Interfaces, 5(14), (2013) 6628-6634.

[53] W. Zhang, C. Wang, K. Chen, and Y. Yin, Raspberry-shaped thermochromic energy storage
nanocapsule with tunable sunlight absorption based on color change for temperature regulation,
Small Journal, 15(47), (2019) Article Number:1903750, 1-10.

[54] C. G. Grangvist, P. C. Lansaker, N. R. Mlyuka, G. A. Niklasson, E. Avendafio, Progress in chromogenics:
New results for electrochromic and thermochromic materials and devices, Solar Energy Material
Solar Cell, 93, (2009) 2032-2039.

[55] C. M. Lampert, Chromogenic smart materials. Materials Today, 7, (2004) 28-35.


https://link.springer.com/journal/10973/

Anayurtand Alkan / JNRS /10(1) (2021) 24-37 36

[56] A. Seeboth, ]J. Schneider, A. Patzak, Materials for intelligent sun protecting glazing, Solar Energy
Materials Solar Cell, 60, (2000) 263-277.

[57] Sun protection without bubbles, Kunststoffe, 1, (2008) 83.

[58] A. Seeboth, R. Ruhmann and O. Mihling, Thermotropic and thermochromic polymer based
materials for adaptive solar control, Materials, 3, (2010) 5143-5168.

[59] P. Nitz, H. Hartwig, Solar control with thermotropic layers, Solar Energy, 79, (2005) 573-582.

[60] A. Seeboth, ]J. Schneider, A. Patzak, Materials for intelligent sun protecting glazing, Solar Energy
Mater Solar Cells, 60, (2000) 263-77.

[61] P. Nitz, A. Wagner, Schaltbare und regelbareVerglasungen, BINE Themeninfo, /02, (2002) 1-12.

[62] ]. Yao, N. Zhu, Evaluation of indoor thermal environmental, energy and daylighting performance of
thermotropic Windows, Building and Environment, 49, (2012) 283-290.

[63] K. Resch, G. M. Wallner, Thermotropic layers for flat-plate collectors—A review of various concepts
for overheating protection with polymeric materials, Solar Energy Material Solar Cells, 93, (2009)
119-128.

[64] G. M. Wallner, K. Resch, R. Hausner, Property and performance requirements for thermotropic
layers to prevent overheating in an all polymeric flat-plate collector, Solar Energy Material Solar
Cells, 92, (2008) 614-620.

[65] A. Webera, K. Resch, Thermotropic glazings for overheating protection, Energy Procedia, 30,
(2012) 471-477.

[66] A. Raicu, H. R. Wilson, P. Nitz, W. Platzer, V. Wittwer, Thermotropic systems - recent results on
component characterisation and simulation Of building integration, Fraunhofer Institute for Solar
Energy Systems, ISE 2015.

[67] M. M. Hohman, M. Shin, G. Rutledge, M. P. Brenner, Electrospinning and electrically forced jets. I.
Stability theory, Physics of Fluids, 13(8), (2001) 2201-2220.

[68] Y. M. Shin, M. M. Hohman, M. P. Brenner, G. C. Rutledge, Electrospinning: a whipping fluid jet
generates submicron polymer fibers, Applied Physics Letters, 78, (2001) 1149-1151.

[69] G. C. Rutledge, S. B. Warner, S. V. Fridrikh, S. C. Ugbolue, Electrostatic spinning and properties of
ultrafine fibers (2003). National Textile Center annual report, project no. M01-MD22.

[70] S. Fridrikh, J. Yu, M. Brenner, G. Rutledge, Controlling the fiber diameter during electrospinning,
Physical Review Letters, 90(14), (2003) 144502-1-144502-4.

[71] B. Cramariuc, R. Cramariuc, R. Scarlet, L.R. Manea, 1.G. Lupu, O. Cramariuc, Fiber diameter in
electrospinning process, Journal of Electrostatics, 71, (2013) 189-198.

[72] S. Ramakrishna, K. Fujihara, W. Teo, T. Lim, Z. Ma, An introduction to electrospinning and
nanofibers, World Scientific, Singapore, 2005.

[73] B. S. Sunar, C. Hasgicek, The Use of Flectrospinned nanofibers as a drug delivery system and in
tissue engineering, Marmara Pharmaceutical Journal, 21/3, (2017) 425-435.

[74] A. K¢k, A. Evcin, Production and characterization of boron doped hydroxyapatite nanofibers by
electrospinning method, Afyon Kocatepe University Journal of Science and Engineering Sciences,
14(3), (2013) 319-324.

[75] A. R. Unnithan, R.S.Arathyram, and C. S. Kim, Electrospinning of polymers for tissue engineering,
nanotechnology applications for tissue engineering, 978, (2015) 0-323-32889-0.

[76] A. Karaszewska, I. Kaminska, A. Nejman, B. Gajdzicki, W. Fortuniak, ]. Chojnowski, S. Slomkowski,
P. Sowinski, Thermal-regulation of nonwoven fabrics by microcapsules of n-eicosane coated with
a polysiloxane elastomer, Materials Chemistry and Physics, 226, (2019) 204-213.



