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Abstract

:

Textiles are often used to protect people from cold environments. While most garments are designed for temperatures not far below 0 °C, very cold regions on the earth near the poles or on mountains necessitate special clothing. The same is true for homeless people who have few possibilities to warm up or workers in cooling chambers and other cold environments. Passive insulating clothing, however, can only retain body heat. Active heating, on the other hand, necessitates energy, e.g., by batteries, which are usually relatively heavy and have to be recharged regularly. This review gives an overview of energy-self-sufficient textile solutions for cold environments, including energy harvesting by textile-based or textile-integrated solar cells; piezoelectric sensors in shoes and other possibilities; energy storage in supercapacitors or batteries; and heating by electric energy or phase-change materials.
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1. Introduction


Keeping people warm in a cold environment is one of the main purposes of clothes. While thousands of years ago, natural fibers from animals and plants, as well as fur parts, were woven into warming garments [1], nowadays, chemical fibers are being investigated more and more regarding their applicability in warming clothes [2,3,4]. Besides passive warming by reflecting thermal radiation back towards the human body [5,6], creating air layers as insulation to reduce heat convection [7,8] or increasing the ratio of absorbed thermal radiation from the sun [9,10], there are nowadays many attempts to provide active heating.



Amongst the physical effects that can be used for heating up garments, there are phase-change materials (PCMs) [11,12,13], as well as different possibilities for converting electric energy into heat [14,15,16]. While the first are energy-self-sufficient, they have the disadvantage that they can only work in a material-dependent temperature range and cannot be controlled by the user. Electric heating of garments, also called Joule heating [17], on the other hand, needs the possibility of storing electric energy in batteries or supercapacitors to make it available when it is needed and ideally to harvest energy by the garment to make it independent from external power supplies.



This review gives an overview of recent research regarding energy-self-sufficient textiles for active heating to protect people from very cold environments, such as workers in cold storage houses, astronauts, people living near the poles or homeless people. The next sections review different possibilities for actively heating textiles by PCMs or electrically to harvest and store energy in textiles, and then the main part discusses recent research on energy-self-sufficient heating textiles and their potential applications.




2. Active Heating with Textiles


Active heating always requires energy, usually either in the form of electric energy or as latent heat stored in PCMs or subcooled liquids, whereupon the latter are usually not applied in textile fabrics but in simple heat pads activated by buckling a metal sheet. Here we give an overview of different ways of active heating with textile fabrics.



2.1. Phase-Change Materials


Phase-change materials can be integrated into textiles in the form of fibers, microcapsules or nanocapsules [18,19,20]. PCMs store a large amount of latent heat when molten and release it during solidifying [21]. This process, as shown in Figure 1, makes them especially interesting for textiles used in environments with fluctuating temperatures, e.g., for astronauts’ space suits [22]. During melting or crystallization, the temperature of the PCM remains approx. constant. During an increase in temperature, the PCM can absorb heat that is stored in the liquefied phase, while decreasing external temperatures will lead to the release of this stored heat energy by the solidification of the PCM [23].



Different materials have not only different temperature ranges for storing and releasing heat but also different energy storage properties. While water at 0 °C or even 100 °C can also be regarded as a PCM, several materials provide much higher energy storage capacity combined with high thermal conductivity in a suitable temperature range [24]. For paraffin waxes, Farid et al. reported melting temperatures of 44–64 °C and latent heats of 167–210 kJ/kg [25]. A better suitable temperature range of 30–65 °C was found for fatty acids, which could store latent heat of 153–182 kJ/kg [26]. Glauber salt has a melting temperature of 32 °C, a high latent heat of 254 kJ/kg and is an inexpensive material but shows problems with phase segregation, similar to most other hydrated salts [27].



Amongst the potential problems with using PCMs for active heating/cooling, the usually very low thermal conductivity should be mentioned [28]. To increase their thermal conductivity, metallic or graphitic nano- or microstructures can be embedded in the PCM, whereupon too much additional conductive material would reduce the specific energy storage capacity [29,30].



Depending on the environmental conditions, this range of energies stored as latent heat defines how long a PCM can maintain its melting/solidifying temperature, naturally scaling with the mass of PCM included in a garment. However, the calculation is less simple than may be expected. For a PCM inside a spherical capsule of approx. 100 mm diameter, Tan et al. compared experimental observations during melting with a computational approach [31]. They found thermally stable structures at the top of the capsule, while unstable structures were found at the bottom of the capsule, as depicted in Figure 2a, leading to clear differences in the calculated and measured temperatures, especially in the lower half of the capsule, as visible in Figure 2b [31]. Besides, calculations with different numerical simulations may lead to slightly varying results [32]. In addition, even small changes in the melting temperature near the environmental temperature will lead to large changes in the additional necessary energy to keep a defined temperature [33]. Besides the melting temperature, thermal conductivity was found to have the largest influence on the cooling energy demand [34]. Due to these potential sources of relatively large errors, this review will concentrate on the measured effects of PCMs in garments in cold environments reported in different studies instead of extrapolating the measured findings to other environmental situations.




2.2. Joule Heating


The most often used possibility for converting electrical energy into heat is based on the so-called Joule heating, also called resistance heating or electro-thermal conversion [35]. Theoretically, the heating power P can simply be calculated by the Joule–Lenz law as   P =   R I  2  =  U 2  / R ,   with the resistance R and the current I flowing through it. The thermal energy QW is equal to the electrical energy Eel and can be calculated as the integral over P, or in the case of time-independent power, it becomes     Q   W   =   E   e l   = P t   with the duration t of heating [17]. This means that conductive materials are necessary for electro-thermal conversion, such as intrinsically conductive polymers or polymers filled with metallic nanoparticles, graphene, graphite, carbon nanotubes, carbon black or, nowadays, MXenes [17]. For use in garments, all of them have specific challenges, such as relatively low conductivity and missing long-term stability of conducting polymers, health risks posed by metallic nanoparticles and MXenes, or low washing resistance of graphene and other materials [17]. Nevertheless, Joule heating is a very often studied method for producing clothing with active heating. It should be mentioned that while the resistance of the heating circuit in a textile fabric is essential for the heating power, this value is often not given or only partly given as linear resistance of a yarn or sheet resistance of a coating whose thickness may be different in different areas of a garment. This makes calculations of the heating power and necessary energy often complicated or even impossible.




2.3. Peltier Element Heating


Peltier elements are based on the Peltier effect, or thermoelectric effect, which converts electrical energy into a temperature gradient inside a semiconducting material [36]. Several factors influence the figure of merit, which defines the performance of organic, inorganic or hybrid Peltier materials, which should have low thermal conductivity, high electric conductivity and a high Seebeck coefficient [37]. Due to the interconnections between these parameters, optimization is not straightforward but necessitates complicated methods such as strengthening phonon scattering [38], band engineering [39] or nanostructuring materials [40].



It must be mentioned that, unlike Joule heating textiles, Peltier elements do not heat up through the whole material but have one warmer and one cooler side. Schmidl et al., e.g., prepared Al-doped ZnO-coated polyester spacer fabrics and measured a temperature difference between both sides of the spacer fabric of up to 12 K, which was converted upon changing the polarity of the electrical contacts [41]. This fact must be taken into account when an active heating garment based on Peltier elements is created. On the other hand, Peltier elements in clothing offer heating and cooling depending on the polarity of the applied voltage, making them highly suitable for varying weather conditions [42].





3. Energy-Harvesting Textiles


While PCMs store thermal energy received from the environment in the form of latent heat, electrically heated textiles need to harvest and store energy that can be used for active heating. Mainly, such devices are based on triboelectric nanogenerators (TENGs), solar cells and thermoelectric devices [43], but there are also other mechanisms integrated into different smart textiles to harvest body heat energy, biochemical energy, etc. [44]. This section gives an overview of potential methods of harvesting energy by clothing.



3.1. Triboelectric Nanogenerator


When a person is moving, this mechanical energy can principally be harvested by a triboelectric (nano)generator (TE(N)G) [45]. Movements of the human body, such as walking or arm movements, offer several ten watts of kinetic power [46]. A TENG can be used to transfer movements into contact electrification and electrostatic induction, in this way harvesting energy from human motion [47,48]. Generally, a TENG consists of two materials with different electron affinity, resulting in electrostatic induction when these materials are coupled and moved relative to each other during body movements [49]. This induced potential difference can be reduced by a current through a load connecting the electrodes attached to the triboelectric materials, thus resulting in an AC power output for a periodic movement [49]. Depending on the positioning and movement of triboelectric materials and electrodes, TENGs can be separated into vertical contact-separation mode, lateral sliding mode, single-electrode mode and freestanding triboelectric-layer modes, as depicted in Figure 3 [49]. Most textile-based TENGs work in the vertical contact separation mode due to the ease of embedding them into shoe insoles or other textiles that are steadily pressed or stretched [49].



The first textile-based realizations of TENGs were based on coated yarns, e.g., one with carbon nanotubes and the other one with polytetrafluoroethylene (PTFE), to convert motion or vibration energy into electric energy by the electrostatic effect, leading to relatively small output power densities of ~1 mW/m2 [50]. A similar value of 1.8 mW/m2 was reported for alternating polyimide (PI)/polyurethane (PU) strips on a sleeve and alternating polydimethylsiloxane (PDMS)/aluminum strips on the torso for a movement frequency of 1.5 Hz [51]. Slightly higher power densities of 27 mW/m2 were reported for a TENG that combined shear-thickening fluid and magneto-sensitive films, in this way adding impact-resistant properties [52]. A much higher power density of 953 mW/m2 was found for a single-thread TENG, produced using a stainless-steel core with a silicone rubber shell and placed on a textile in a sine-like shape [53]. An approx. doubled power density of 2 W/m2 was found for a PEDOT:PSS-coated textile and PTFE under foot stepping with a frequency of 2 Hz [54]. Still higher values of 3.2 W/m2 were found for a freestanding triboelectric-layer TENG prepared from Ni-coated electrodes and a parylene triboelectric layer [55]. Even 8.9 W/m2 was reached by a TENG in which the palm skin was used as a freestanding triboelectric layer and a silicone rubber- and Ni-coated polyester woven fabric as an electrode [56]. Developing textile-based TENGs further, an extremely high power density of 336 W/m2 was reported for an AlNP-coated top textile and a nanostructured PDMS bottom textile [57].



It should be mentioned that these areal power densities are usually peak instantaneous values, while many applications—such as active heating—necessitate a DC power [49]. Besides, the comparison above is based on different areas, varying frequencies and different forces and loads, making a rating of recently investigated textile TENGs complicated. In addition, wash-and-wear resistance, as well as general durability, are in many cases not given, and the areal power density does not take into account the thickness or mass of the respective textile. However, power densities in the range of some ten milliwatts per square meter up to a few watts per square meter are typical for recent textile TENGs and can be used as a base for calculations of harvestable electric energies.




3.2. Solar Energy


Solar energy is the primary source of energy on Earth; thus, harvesting is a natural approach. Different photovoltaic (PV) materials are able to convert the photons of sunlight into electrical energy using the photovoltaic effect [58]. The photovoltaic conversion efficiency can be calculated as   η =   P   o u t   /   P   i n    , with the output electrical power     P   o u t     and the input solar radiation power     P   i n     [58]. While conventional PV systems are rigid, nowadays flexible PV cells can also be produced, e.g., based on dye-sensitized solar cells (DSSCs) [59,60].



To produce photovoltaic textiles, usually flexible, organic PV films are mounted on a fabric, or textile fibers/yarns or textile layers are prepared to have photovoltaic properties [60,61]. Typical efficiencies of such textile-based solar cells are around 1% for optimum production methods, dyes—in the case of DSSCs—and conductivities of the electrodes [62,63,64] but can be much smaller if non-toxic materials are used for a planned application near the human body [65,66,67]. Assuming a conversion efficiency of 1% and a perfect orientation of the textile towards the sun, the average solar radiation flux density of approx. 165 W/m2 [68] would enable energy harvesting of 16.5 W/m2 with textile-based solar cells.



Generally, such textile-based solar cells are problematic to tailor, which is only scarcely addressed [69]. Wash is even more complicated and necessitates encapsulation, e.g., by lamination and thus modifying the original textile haptics, or by using very small, encapsulated modules, which only slightly increase the bending rigidity of a textile fabric [70,71,72]. However, these challenges, combined with the well-known problem that efficiencies are reduced for larger cells [73], typically reduce the aforementioned optimum solar energy harvesting.




3.3. Thermoelectric Devices


While Peltier elements can be used to create a temperature difference between both sides of the element by applying a voltage (cf. Section 2.3), the Seebeck effect can, vice versa, be used to generate a thermoelectric potential energy due to a temperature difference between both electrodes on the respective thermoelectric element [74]. Generally, a thermoelectric element consists of a pair of p- and n-doped semiconductors between a hot and a cold side in which the heat flow from the hot to the cold surface is accompanied by an electric current, as depicted in Figure 4 [75]. The generated voltage V is proportional to the temperature difference ΔT according to   V = α Δ T   with the Seebeck coefficient   α   [75]. The power generation also depends on the cross-sectional area of the thermoelectric device and the length of their legs, besides the aforementioned material properties, such as the Seebeck coefficient and electrical and thermal conductivity [75].



With a wearable thermoelectric generator, calculated for a skin temperature of 34 °C, ambient temperature of 22 °C and a heat flow of 20 mW/cm2, the human body could maximally generate 180 µW/cm2, i.e., 1.8 W/m2, with power generation around 1–37 mW for different body parts [76,77]. For larger temperature differences than 12 K, the generated energy would be accordingly higher. While this value is approx. one order of magnitude lower than the previously mentioned theoretical value for textile-based solar cells, it is similar to the range of values reported for TENGs, as discussed before.



Several researchers have investigated textile-based thermoelectric generators and optimized them. Lund et al. used a combination of PEDOT:PSS-coated silk threads and silver-plated polyamide threads to produce a thermoelectric generator by hand-sewing through nine layers of felted wool, connected the legs on the textile surface by coating with a silver-containing paste, and measured the power generation for the hot plate at 35 °C and the cold plate at −30 °C to −5 °C, with results as depicted in Figure 5 [78]. With a device area of (5.3 cm)2 and an optimized design, they reached a maximum of 1.2 µW for ΔT = 65 K [78], i.e., approx. 427 µW/m2 if the whole surface area is taken into account, not only the embroidered parts.



With 864 connected legs coated with PEDOT:PSS and poly([Na(NiETT)], respectively, on an area of (25 cm)2, a temperature difference of 3 K resulted in a power of 13 µW, whereupon the authors calculated that densely filling 8% of the whole body surface area with the legs of a thermoelectric generator would result in 1 mW power output [79]. Combining PEDOT:PSS and a p-type semiconductor with n-type Ag2Te, a power output of 6 mW/m2 was reached by a temperature difference of 20 K [80], while Ag2Se with Ag connection resulted in a power density of 2.3 W/m2 for ΔT = 30 K [81].



For a one-dimensional thermoelectric generator with PEDOT:PSS and carbon nanotube/polyethylenimine hydrogel fibers, a value of 4.8 W/m2 was found for a temperature difference of 60 K [82]. On the other hand, a three-dimensional woven textile produced from a yarn with alternating n- and p-type segments reached a power output of approx. 0.65 W/m2 for a typical temperature difference of 55 K [83]. In many cases, however, only a maximum power is given for a textile-based thermoelectric generator [84], making it more complicated to estimate the maximum thermoelectric power that could be generated by garments.




3.4. Other Energy Harvesting Methods


Among the other methods of energy harvesting by garments, piezoelectric textiles must be mentioned, which are regularly investigated. As depicted in Figure 6, piezoelectric materials perform a charge separation when a pressure is applied or released, leading to a voltage [85]. Amongst the possible materials that show the piezoelectric effect, such as ZnO, BaTiO3 or GaPO4, especially polyvinylidene fluoride (PVDF) has often been investigated due to its good mechanical properties, flexibility and chemical and thermal stability [85,86,87]. For this material, Liu et al. reported an efficiency of around 12% for the transition of mechanical into electrical energy and vice versa [88]. With a combination of PVDF, BaTiO3 nanoparticles and reduced graphene oxide nanoplates, even an energy conversion efficiency of 22.5% was reached [89]. For single melt-spun PVDF, polyamide 11 and polypropylene fibers, powers in the range of 0.2 nW were generated [90]. Combining PVDF with lead zirconate titanate (PZT), a piezoelectric nanogenerator from electrospun-aligned nanofibers produced 6.35 µW [91]. Besides electrospinning and melt spinning as typical fiber production methods, it is also possible to use physical or electrochemical deposition of piezoelectric materials on textile fabrics, which is especially relevant for non-polymeric materials such as ZnO [58].



Other research groups suggested additional methods of harvesting energy by smart textiles, e.g., biological fuel cells that generate energy by biodegradation of organic matter [92,93], partly using the wearer’s sweat to harvest biochemical energy [94].



Generally, as suggested by Lund et al. [78], a reasonable combination of different energy harvesting methods should be applied to optimize the overall gained energy. Depending on the environmental conditions (temperature difference, sunlight) and movements of the person wearing the respective harvesting garments, a power density of the order of magnitude 1 W/m2 can be expected. In the next section, storing the energy harvested in a defined time in textiles will be discussed.





4. Energy-Storing Smart Textiles


Most of the aforementioned forms of energy that can be transferred into electrical energy—sunlight, body movements—are not constantly available; only the temperature difference between skin temperature and surrounding temperature, as used in thermoelectric devices, is automatically larger when more heating energy is needed. Using a combination of different energy harvesting methods, however, necessitates storing parts of the energy harvested in sunlight and during active movements for times when it is more needed.



Several researchers thus investigated methods to store energy in textile fabrics, either fiber-, yarn- or fabric-based, usually in the form of batteries or supercapacitors, as depicted in Figure 7 [95].



In all these cases, several design strategies have to be taken into account, such as flexibility and washability of the materials, but also the electrical conductivity of electrodes and wires, as well as more specific physical and chemical properties of the materials used for batteries or supercapacitors [95,96,97]. This section discusses recent approaches to storing electrical energy in textile fabrics.



4.1. Fiber-Based Supercapacitors


Fiber-based supercapacitors can be produced, e.g., by wet spinning, dry spinning, microfluidic spinning, hydrothermal self-assembly and other methods based on graphene and other materials [98]. An example of the production of a fiber-based supercapacitor is shown in Figure 8, based on nitrogen-doped SiNs/graphene hybrid fibers [99]. More precisely, the exfoliation of CaSi2 using HCl resulted in siloxene (SiNs) nanosheets after several days, which were coated with polypyrrole (Ppy) before these nanosheets were pyrolyzed, resulting in a nitrogen-doped carbon layer on the siloxene nanosheet (N-SiNs) (Figure 8a). Wet spinning from a N-SiNs/GO (graphene oxide) dispersion and chemically reducing the GO into rGO (reduced graphene oxide) resulted in fiber-based supercapacitors (Figure 8b) with an areal specific capacitance of 264 mF/cm2 [99]. The capacitance C of a supercapacitor enables storing an energy of   E = 1 / 2 C V 2   with voltage V.



When comparing different supercapacitors, it must be taken into account that sometimes only the electrodes are taken into account when calculating the capacitance for a certain mass, volume or area, while in other studies, the whole supercapacitor, including the separator and the electrolyte, is considered [100]. On the other hand, sometimes, the power density is given instead of an energy density.



A fiber-shaped supercapacitor in the form of a partially unzipped carbon nanotube/rGO hybrid fiber was produced by wet spinning and chemical reduction, leading to a high volumetric energy density of 8.63 mWh/cm3 [101]. For an alginate/PEDOT:PSS@Ppy composite fiber, a volumetric capacity of 568 F/cm3 and an areal capacity of 1000 mF/cm2 were found, as well as a high energy density of 21 µWh/cm2 [102]. A smaller areal capacitance of 115 mF/cm2 and a similar energy density of 9 µWh/cm2, as well as a power density of 0.11 mW/cm2, were reported for hollow PEDOT:PSS thin-walled fibers [103]. Nanostructured MnO2-based fiber-in-tube and particle-in-tube supercapacitors reached a capacity of 432 F/g, an energy density of 46 mWh/g and a power density of 400 mW/g [104]. Combining activated carbon fiber as substrate and a polyaniline (PAni) composite fiber coated with commercial pen ink resulted in a linear capacitance of 108 mF/cm or 68 mF/cm2, which was coupled with MnO2@ink/activated carbon fiber to reach an energy density of 102 µWh/cm2 and a power density of 1 mW/cm2 [105]. A capacitance of 17.5 F/cm3 or 10.7 F/g, leading to an energy density of 7.88 mWh/cm3 or 4.82 mWh/g and a power density of 2.26 W/cm3 or 1.382 W/g, was reported for an asymmetric supercapacitor, produced by twisting a MnO2/CNT fiber cathode and a Ppy/CNT fiber anode combined with a LiCl/poly(vinyl alcohol) (PVA) electrolyte [106].



An interesting approach based on jute fibers with PEDOT:PSS and single-wall CNTs, combined with a cellulose-based material as separator, was shown to reach an energy density of 0.71 µWh/cm2 and a power density of 3.85 µW/cm2, as well as a specific capacitance of 8.65 mF/cm, which is much smaller than the aforementioned values but was aiming at a more environmentally friendly approach [107].



To evaluate these different values, we can assume that the power gained with the aforementioned energy-harvesting textiles, which is in the order of magnitude 1 W/m2, should typically be stored for approx. half a day, e.g., due to harvesting sun and movement energy during daytime and releasing it again during nighttime, so that an energy of the order of magnitude 10 Wh/m2 should be stored if the whole textile area covering the human body is used for energy harvesting as well as for energy storing. The energy densities reported for fiber-based supercapacitors are typically in the range of 5 mWh/m2–1 Wh/m2, comparing the aforementioned and other values [108], which would not be sufficient to store the whole energy that can theoretically be gained during half a day. However, there are a few reports mentioning one or two orders of magnitude higher energy density, such as 147 Wh/m2 for a core-shell MoS2 nanosheet array/graphene hybrid fibers showing an increased specific capacitance by two orders of magnitude due to the MoS2 nanosheet array surface deposition [109]. Apparently, it is necessary to use such specific materials to enable storing all possibly harvested energy for about a half day in fiber-based supercapacitors.




4.2. Fabric-Based Supercapacitors


Fabric-based supercapacitors can be produced by different coating, printing and lamination methods. As an example, for an inkjet-printed MnO2–NiCo2O4/rGO (positive/negative electrode) asymmetric supercapacitor on bamboo fabric, an areal capacitance of 2.12 F/cm2 was found, leading to an energy density of 37.8 mW/cm3 and a power density of 2.7 W/cm3 [110]. For a supercapacitor based on carbon fiber electrodes functionalized with vertical graphene and MnO2 and a glass fiber separator, Sha et al. reported an areal capacitance of 31 mF/cm2, an energy density of 12 mWh/kg and a power density of 2210 mW/kg [111]. Wen et al. showed a flexible zinc-ion supercapacitor with an energy density of 0.32 mWh/cm2, which could also be used as a strain sensor [112]. A detailed overview of materials, production methods and energy densities of fabric-based supercapacitors can be found in [113] (Figure 9).



In his recent overview, Khadem [113] reported energy densities of up to 4.7 Wh/cm2, i.e., 47 kWh/m2 [114], which would be more than sufficient to store the aforementioned 10 Wh/m2 energy for approx. half a day of energy harvesting, or even 190 kW/m2 [115] or 1.5 MWh/m2 [116]. However, most energy densities are several orders of magnitude smaller [113,117,118,119,120], so here again, it is important to properly choose a suitable fabric-based supercapacitor to enable sufficient energy storage capacity.




4.3. Flexible Batteries


Flexible fiber- or fabric-based batteries, such as lithium- or zinc-based batteries, often suffer from problems regarding encapsulation, high internal resistance and low durability [121]. There are, however, many more anode and cathode materials that have been investigated for their potential use in flexible batteries, such as carbon, titanium compounds, chalcogens or Na as anode materials and different oxides, sulfur or gasses as cathodes, combined with different aqueous, gel-polymer or solid-polymer electrolytes, several of which have also been investigated for fiber- or fabric-based batteries [122]. Recently, other potential electrode materials, such as vanadium nitride, have been suggested [123].



A solid-state Zn/MnO2 fiber battery with high cycling stability was suggested by Xiao et al., who used a graphene oxide (GO)-embedded polyvinyl alcohol (PVA) hydrogel electrolyte (GPHE) (Figure 10) [124]. They found good mechanical properties, such as a stretchability of 230% without breakdown and self-healing of the gel electrolyte, as well as an energy density of 91 Wh/L, i.e., 91 mWh/cm3 [124]. For a highly elastic fiber-based graphene/PAni-Zn@silver battery with a helical structure, a capacitance of 32.6 mAh/cm3 and an energy density of 36 mWh/cm3 were reported [125].



For fabric-based batteries, other problems may occur due to fractures of metalized areas [126]. Printed batteries, e.g., by screen printing or inkjet printing, are thus advantageous for the production of flexible fabric-based batteries [127]. Alternatively, batteries can be produced as (nano-)composites from fibrous materials, as depicted in Figure 11 [128]. The fabric-based battery depicted here, based on NiCo2S4@rGO nanocomposites, reached a power density of 3.2 W/g and an energy density of 0.455 Wh/g [128]. A similar energy density of 0.429 Wh/g was found for a sodium-ion with Na3V2(PO4)2F3@C cathode [129]. For a potassium-ion battery with potassium nickel iron hexacyanoferrate as the cathode material, an energy density of 0.283 Wh/g was reported [130].



For a broad range of different flexible batteries, either fiber- or fabric-based, Wang et al. reported areal energy densities around 6–60 Wh/m2 for flexible lithium-ion batteries, 1–20 Wh/m2 for sodium-ion batteries, and 1.5–62 Wh/m2 for zinc-ion batteries [131]. On the one hand, these values do not differ as strongly as those for fiber- or fabric-based supercapacitors, making batteries potentially easier to build than flexible supercapacitors. On the other hand, the aforementioned value of 10 Wh/m2, as a typical order of magnitude which energy could be harvested during half a day by textile fabrics, can be reached by all of these typical fiber- or fabric-based batteries.



As this section showed, it is thus generally possible to store the energy that could be harvested in half a day inside a textile fabric of the same area, e.g., directly below a photovoltaic textile. On the other hand, it is still necessary to find out which heating energy is necessary in different situations, either for short stays in very cold environments, such as space or cold stores, or for longer durations outside in the winter. The next section will discuss active heating by electric energy or by PCMs, where the latter will be regarded with respect to the duration of melting or crystallization at defined temperatures, while the first will be discussed in terms of necessary electric energy.





5. Energy-Self-Sufficient Heating Textiles


Some research groups have investigated energy-self-sufficient—or self-powered—heating textiles. In many cases, these studies are based on PCMs that can store a defined amount of energy and release it afterward when the environmental temperature is reduced.



5.1. PCM as Self-Sufficient Heating Textiles


To get an idea of the energy that should be stored in PCMs, it is supportive to use the heat that can be produced by a person, which is about 100 W at rest to about 600 W or even more during work or sports [132]. Typical values of heat storage capacity of phase-change materials are in the order of magnitude 200 J/g [132], meaning that energy of 1 kWh, as released by the human body at rest within ten hours, necessitates 3.6 MJ of storage capacity, i.e., phase-change material with a mass around 18 kg. This shows that PCMs from common materials, such as octadecane, hexadecane, etc., should be used more for repeatedly varying temperatures, as is the case for spacesuits in many situations, while PCMs with much higher storage capacity would be needed to support homeless people during nighttime.



It must be mentioned that there are several studies aimed at increasing the heat storage capacity of PCMs; however, for use in textile fibers or fabrics, usually an encapsulation in the form of microcapsules or core-shell fibers is needed, which reduces the mass-related heat storage capacity again. For microencapsulated PCMs with a polyurethane (PU) binder, e.g., a heat storage capacity of 0.2–7.6 J/g was reported [133].



On the other hand, the above calculation can only approximate an order of magnitude necessary to use PCMs in textiles for active heating since the necessary amount of stored energy depends strongly on the environmental temperature, isolation properties of the whole garments, activity of the wearer, etc. Additionally, thermoregulation depends on the position where the PCMs were integrated into the fabric, on the fabric construction, etc. [134]. This section thus searches for examples of measured or calculated heat retention by textile PCMs.



As an example, Zhang et al. developed a coaxially electrospun multicore-sheath nanofiber mat based on methacrylic acid (MAA), ethylene glycol dimethacrylate (EGDMA) and benzoyl peroxide (BPO) with dodecanol as a PCM, which reached a maximum latent heat value of 106 J/g [135]. Their material showed a suitable phase-change temperature of around 25–30 °C, latent heat retention of more than 98.3% after 500 thermal cycles, and nearly unchanged latent heat and tensile strength after soaking the nanofiber mat in water. The authors suggested it for potential use in space suits. Depending on the injection speed ratio of the PCM core and acrylate copolymeric shell during coaxial electrospinning, four different samples were prepared. Figure 12 shows the time-dependent temperature development of pure polyacrylate and the core-shell nanofiber mats (with an increasing amount of PCM for increasing numbers CS-1 to CS-4) after cooling the samples from 50 °C to room temperature [135]. While a clear difference from CS-1 to CS-4 is visible, it must be mentioned that the time scale used here is not sufficient to provide active warming for a longer duration. The specimens are reported to have a thickness of 85 µm, naturally leading to fast cooling when they are placed on a table at room temperature, with much higher mass and unknown thermal conductivity. Thus, these experiments can only serve as basic material comparisons but do not allow a statement about their applicability for longer active heating in garments.



On a longer time scale of up to 60 min, Yan et al. investigated knitted fabrics, partly including hollow polypropylene (PP) fibers filled with up to 83% poly(ethylene glycol) (PEG) as the PCM [136]. The phase-change temperatures were in the range of 16–40 °C, depending on the amount of PEG in the PP fibers. Heating the samples fixed on a custom-designed sample holder up to 40 °C for 20 min by an infrared lamp and subsequently measuring the temperature of the sample with an infrared camera led to an increase in the duration that the samples needed to reach ambient temperature, from 44 min to 62 min. While this increase shows the effect of the PCM, Figure 13 [136] reveals that the difference between both investigated samples is actually not large. Besides, the inset photographs of the original and the final state show that the custom-made sample holder (of unknown material and mass) has also been heated up by the infrared lamp and is, naturally, also cooling down during the time of the experiment. Here again, the influence of the thermal contact with the unknown sample holder cannot be estimated, so the results of this study cannot be transferred to the situation of heating a person’s skin in a cold environment. Generally, measuring heat retention by PCM textiles is challenging due to unclear or non-standardized factors that vary from one study to the other, such as environmental conditions (room temperature, relative humidity, underground on which the fabric is placed during measurements), fabric construction, fabric material, mass ratio of PCM to textile fabric, etc.



For the aforementioned microencapsulated PCMs with PU binder, heating durations of up to 15 min were reported in different studies [137,138]. Similarly, Ying et al. found the temperature changes between a non-PCM fabric and PCM fabrics with different PCM levels between 20 and 120 g/m2, upon heating from 23 °C to 35 °C, vanished after less than 10 min [139]. Similar durations were found for a PCM-based cooling vest using Glauber’s salt or pure gallium as the PCM in a heated chamber at 30–32 °C, starting from 22 to 25 °C [140].



Ghali et al. simulated the effect of a PCM textile upon a sudden change in the environmental temperature and found a heating effect for approx. 12.5 min, depending on the cold outdoor conditions, as well as a decrease of the clothed-body heat loss by 40–55 W/m2 for a one-layer garment [141]. Besides oscillating temperatures, they also tested steady-state environmental conditions and stated clearly that the PCM did not influence the thermal resistance in this scenario.



Comparing the aforementioned and several other studies from the recent literature leads to the conclusion that, as discussed at the beginning of this section, PCM textiles are not suitable for long-term use at the moment but are supportive in oscillating temperatures. In addition, while only a few studies have investigated the long-term thermal performance of PCMs, the thermal characteristics of several materials were found to be unstable. Behzadi and Farid reported that Rubitherm 21, a paraffin mixture, significantly changed the peak melting point and the latent heat of fusion, while mixed esters showed nearly no such change [142]. For PCM heat storage as part of a solar combi system in a house, Johansen et al. tested sodium acetate trihydrate and found it to work properly during half a year of testing, with heating it up to 80 °C 53 times by the solar collectors [143]. For the numerical investigation of a solar greenhouse, Chen and Zhou differentiated between short- and long-term PCM storage, where an organic PCM was responsible for short-term energy storage and release during the night while no longer working in the early morning, when a mixture of salt hydrates with different melting temperatures could provide the additional long-term heating [144]. In this study, the potential change in organic and inorganic PCMs with longer use times was not investigated. Long-term stability was, however, found for TiO2/tetradecanoic acid-based composite PCMs [145] or LiNO3/KCl-expanded graphite (EG) composite PCMs [146]. Especially for textile fabrics, long-term stability was found for microcapsules loaded with n-docosane as the PCM [147].



While some tests of the long-term stability of PCMs have indeed been performed, as these examples show, the studies indicating energy storage for several hours [144] or even days [141] are still scarce and are usually not related to textile fabrics, where typically only relatively small masses of PCMs can be integrated, making them more suitable for short-term temperature variations than for energy storage for approx. half a day. The next sections will thus concentrate on fabrics heated by electric energy.




5.2. Self-Sufficient Joule Heating Textiles


Many research groups show the results of Joule heating textiles prepared in diverse ways. As an example, Ding et al. developed a polyester/spandex blend fabric-based Joule heater by coating it with CNT/polydopamine (PDA) [148]. Depending on the applied voltage, they reached different temperatures within approx. one minute, as depicted in Figure 14, where the measurements were not taken on a glove but on a not-defined underground with unclear thermal contact and unclear room temperature. Heating with voltages around 3–7 V should be sufficient for most environmental situations; however, without the resistance of the heating ring (which is not given in [148]), the calculation of a heating power or the energy necessary for longer heating is not possible.



For a cotton/tannic acid/Ag nanoparticle/PDMS knitted textile of dimensions 2 cm × 1 cm and a resistance of approx. 3.8 Ω/cm, Guo et al. reported saturation temperatures of 36–74 °C for voltages of 0.5–1.5 V, reached at a room temperature of around 30 °C [149]. This corresponds to a heating power of 0.07–0.6 W for the mentioned area of 2 cm2, i.e., a necessary power density of 350–3000 W/m2. It must be mentioned that this calculation highly overestimates the necessary energy for the given temperatures as the textile also has to heat the (unknown) underground, and no isolation from the environment is given, so this calculation cannot really be transferred to the situation of heating a human body in a cold environment in addition to common isolation clothing.



Many other groups also measured the temperature development of a Joule heated textile on an unknown underground instead of on a clothed thermal manikin or even on probands [150,151,152], making comparisons with other studies or even extrapolating to a real human in a cold environment quite challenging. This problem is also discussed in [8], where the authors mention the problems of transferring improvements of single thermal properties, such as thermal conductivity, towards the real warming effect for the human body and mention the necessity to perform manikin tests in simulated or real environments as well as opinion polls. Shuvo et al. also discuss the influence of characterization methods of Joule heating efficiency and boundary conditions in detail [153]. Comparing the heating efficiency of different textiles with air flow to maintain a temperature of approx. 42 °C, they found necessary power densities around 230–950 W/m2, which are all values far above the values estimated for the power density of typical textile energy harvesting and storage methods.



One of the few studies on human probands was reported by Song et al., who measured the skin temperature on the feet inside a conventional and a heated sleeping bag on each of seven male and female volunteers [154]. The heating pads from carbon heating wires between two high-density polyester layers of area (38 cm2) could be heated by 0–45 W, where 20 W was mostly regarded as thermo-neutral. The tests were performed in a climate chamber with air temperature −0.4 °C (for female volunteers) and −6.4 °C (for male volunteers), respectively, at an air velocity of (0.5 ± 0.1) m/s and a relative humidity of (80 ± 5)%. In all cases, a strong difference was visible for the measured temperature of the fourth toe and the left foot during 3 h of measuring, starting from approx. 24 °C (toe temperature) and nearly 30 °C (left toe) and decreasing strongly in the toe and also visibly in the foot for the conventional (unheated) sleeping bag, while the temperature slightly increased up to an approximately constant value for the heated sleeping bag, as depicted in Figure 15 [154]. Comparing the here-used heating power of 20 W with the aforementioned order of magnitude of 10 Wh/m2 that could be harvested during half a day, however, shows that with an assumed garment surface of 2 m2, only 1 h of using the heating pads would be possible. On the other hand, Figure 15 clearly shows that a smaller heating power would be sufficient to maintain a stable temperature of the feet.



A heated glove was used to maintain a minimum temperature of the finger surface of 15.6 °C, which had been defined as the minimum standard of spacesuit ergonomics design previously, while the environmental temperature around the clothed thermal hand manikin was −130 °C [155]. While the special extravehicular activity (EVA) glove could maintain the temperature measured at the middle finger at 20 °C for about an hour, heating was necessary after 75 min. The authors reported a heating power of 4 W to be ideal for maintaining the defined temperature of 15.6 °C [155], suggesting that either regular warming in a space vehicle or regularly taking new power supplies from the space vehicle is necessary, especially since not only the hands should be warmed during longer work in space.



Many other studies lack exact definitions and descriptions, in this way impeding extrapolations from the investigated situations to other environmental conditions. The same problem occurs for textiles heated by Peltier elements, as the next section shows.




5.3. Self-Sufficient Peltier Heating Textiles


Peltier modules are often integrated into smart textiles for cooling, which is easier by thermoelectric cooling than by a vest in which a coolant liquid circulates [156,157,158]. A jacket that can heat or cool the wearer depending on the temperature was proposed by Poikayil et al.; however, no experiments were performed with the proposed design [42]. Generating a neutral microclimate under clothing by Peltier cells was investigated by Vlad et al., who found a drop in the relative humidity upon introducing Peltier cells due to an increased temperature of the textile layers, as well as constant skin temperature during exercise and rest [159]. The general possibility of using Peltier elements for heating was mentioned in several papers [157,160,161,162,163], but no studies of this possibility were found. No reports about tests on heating a volunteer or a thermal manikin by Peltier elements were found in the literature.





6. Applications of Energy-Self-Sufficient Heating Textiles—Chances and Limits


Some of the potential applications of energy-self-sufficient heating textiles were already mentioned in the previous sections. No papers mention the potential use of active heating textiles for homeless people. Using heated textiles to survive cold environments is at least scarcely mentioned [164,165,166,167].



Some studies investigated the possibility of using heated textiles for therapeutic applications, such as relieving joint and muscle pain [168], supporting wound healing by killing bacteria [169] or thermotherapy [170]. For sports and outdoor activities, mostly cooling textiles are investigated, but cooling/heating textiles are also investigated, often based on PCMs [171,172,173]. Another approach is the so-called personal thermal management, which can be applied in indoor situations to heat only a person’s body, while the entire indoor space can be cooler to reduce energy consumption [174,175,176].



More applications, however, are related to working in extreme cold, such as the aforementioned space suits [22,135,155]. Li et al. generally suggested their heated textiles in the form of a garment, a seat and an insole for outdoor workers in winter [177], while many researchers concentrated on heated gloves for protection from extreme cold [178,179,180]. Depending on the specific environment and work, additional requirements have to be taken into account, such as fire resistance, flame-retardant properties, defined hydrophobic/hydrophilic properties, and windproof, fast-drying, isolating and other properties [156,181,182,183].



Most studies, however, exclude the long-term heating applications in which self-sufficient heating would really be necessary. To support people working and living under harsh environmental conditions, especially outdoor workers or homeless people during winter, this should be changed in future research studies.




7. Conclusions and Outlook


To create energy-self-sufficient heating textiles, it is necessary to integrate energy harvesting, energy storage and active heating in clothing. Different possibilities have been investigated for energy harvesting, such as triboelectric nanogenerators (TENGs), photovoltaics, and thermoelectric or piezoelectric devices, and for energy storage, such as supercapacitors or batteries. Electric energy can be used to prepare Joule heating or Peltier heating textiles, while phase-change materials (PCMs) work independently from electric energy.



While all necessary components to prepare energy-self-sufficient active heating textiles are thus known and are being investigated by various research groups, there is still a lack of real-life tests on probands under harsh conditions or on thermal manikins under mostly realistic conditions. While most research groups aim at improving specific material parameters, only very few studies yet exist that measure the necessary energy to heat the inner part of a garment under defined environmental conditions towards a defined temperature for a given time. This makes it nearly impossible to estimate how long, e.g., the energy stored and saved in a garment during daytime could heat the clothing in the night, or how much energy must be stored in a working dress to enable active heating towards a defined temperature during a long outdoor working day under extremely cold conditions. Research on PCMs, on the other hand, clearly shows that they have recently only been suitable for short-term temperature variations, not for longer energy storage.



In the future, it is thus necessary to significantly increase the studies of active heating on a human volunteer or at least a thermal body manikin to gain more knowledge about the necessary energy for heating to a defined temperature under different environmental conditions.



To make lab experiments more comparable, heated textiles should be investigated under clearly defined, ideally standardized conditions, such as defined room temperature and relative humidity, and ideally freely held in the air instead of placed on an unknown underground to enable comparability across different studies. Since most of these experiments are performed with an infrared camera, it is necessary for all studies to mention the calibration of the emissivity, which strongly influences the measured temperatures [184]. In this way, comparability between different labs can significantly be increased, enabling more reliable measurements of material properties.
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Figure 1. Schematic representation of phase-change process. Reprinted from [22], Copyright 2008, with permission from Elsevier. 
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Figure 2. (a) Thermally stable and unstable layer structures along the symmetry axis; (b) comparison of the computed and measured temperatures at point B at a distance of 0.369 diameters below the center. Blue areas depict the cold, unmolten solid phase, while red areas are hot, molten liquid. Reprinted from [31], Copyright 2009, with permission from Elsevier. 
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Figure 3. Fundamental modes of TENGs: (a) Vertical contact-separation mode; (b) lateral sliding mode; (c) single-electrode mode; (d) freestanding triboelectric-layer mode. Reprinted from [49], Copyright 2019, with permission from Elsevier. 
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Figure 4. Single thermoelectric pair consisting of n-type and p-type materials. Heat flows from hot side to top side (QH→QC), and electrical current (I) flows from n-type to p-type material due to a temperature gradient (ΔT = THs − TCs). Reprinted from [75], Copyright 2017, with permission from Elsevier. 
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Figure 5. (a) Schematic of optimized textile thermopile with optimized leg areas, red and blue lines are connectors to the voltage measuring equipment. (b) Measured open-circuit voltage Voc (circles) as a function of the temperature gradient ΔT between the hot plate and the cooler, and calculated data for Voc as a function of ΔT, where ΔTtc = ΔT (solid line) and ΔTtc = 0.9∙ΔT (dashed line). (c) Measured generated power (circles, red for the 1st thermopile, purple for the 2nd thermopile) as a function of ΔT and calculated generated power (solid lines, grey for the 1st thermopile, blue for the 2nd thermopile) assuming ΔTtc = 0.9∙ΔT and electrical contact resistance of 1.2 Ω (1st thermopile) or 1.1 Ω (2nd thermopile) per thermocouple. Reprinted from [78], originally published under a CC-BY license. 
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Figure 6. Working principle of a piezoelectric material when applying and releasing pressure. Reprinted from [85], originally published under a CC-BY license. 
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Figure 7. Schematic illustrations of energy storage mechanisms of (a) a supercapacitor and (b) a lithium-ion battery. Reprinted from [95], Copyright 2016, with permission from Elsevier. 
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Figure 8. Schematic illustration of the fabrication of the N-SiGF sample and the fiber-based supercapacitors (a–c). Reprinted from [99], Copyright 2023, with permission from Elsevier. 






Figure 8. Schematic illustration of the fabrication of the N-SiGF sample and the fiber-based supercapacitors (a–c). Reprinted from [99], Copyright 2023, with permission from Elsevier.



[image: Processes 12 00927 g008]







[image: Processes 12 00927 g009] 





Figure 9. Materials, preparation methods and potential applications of fabric-based supercapacitors. From [113], originally published under a CC-BY license. 






Figure 9. Materials, preparation methods and potential applications of fabric-based supercapacitors. From [113], originally published under a CC-BY license.



[image: Processes 12 00927 g009]







[image: Processes 12 00927 g010] 





Figure 10. (A) Illustration and design of a flexible zinc-ion battery textile body area network. (B) Fabrication process of the functional fibers as the building blocks. From [124], originally published under a CC-BY-NC license. 
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Figure 11. Schematic illustration of the fabrication of NiCo2S4@rGO nanocomposites, NiCo2S4@rGO-PU-CNTs fiber cathodes and serpentine footprint fabric Zn-based batteries. PAM: polyacrylamide, CNT: carbon nanotube, PU: polyurethane, rGO: reduced graphene oxide. Reprinted from [128], Copyright 2024, with permission from Elsevier. 
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Figure 12. Thermographic images of neat polyacrylates and CS specimens after cooling from 50 °C to RT and maintaining at RT for 3 s, 15 s or 30 s. In each image, the left and the right photo, respectively, correspond to neat polyacrylates and CS specimens ((a) CS-1, (b) CS-2, (c) CS-3 and (d) CS-4). All color scales are from 14 to 40 °C. Reprinted from [135], Copyright 2022, with permission from Elsevier. 
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Figure 13. Temperature gradation curves of knitted wool–PA fabric with and without PEG1000-filled PP fibers. Reprinted from [136], originally published under a CC-BY license. 
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Figure 14. (a) Optical photograph of active heating textile wrapped around a finger; thermal infrared images at (b) 5 V and (c) 7 V; (d) temperature profiles of active heating textile at 3–12 V; (e1–e6) corresponding thermal infrared images at 0–12 V. Reprinted from [148], Copyright 2023, with permission from Elsevier. 
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Figure 15. Evolution curves of the 4th toe and the left foot temperatures for females and males in mummy-shaped sleeping bags (conventional: MARCON, heated: MARHT). Significant deviations calculated by two-way ANOVA tests are given with significance levels p < 0.05 (marked * on the graphs) and < 0.01 (**), respectively. From [154], originally published under a CC-BY license. 
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