


Research Status of Phase Change Materials and Microcapsules

[bookmark: _GoBack]ABSTRACT
With the intensification of global warming and the explosive growth of cold chain logistics demand, the energy consumption and carbon emissions of refrigeration systems are becoming increasingly prominent. Phase change materials (PCMs) show broad application prospects in cold chain transportation, building energy conservation, electronic cooling and smart textiles due to their high latent heat energy storage density and temperature control capabilities. however, conventional phase change materials suffer from problems such as supercooling, phase separation, leakage and poor thermal conductivity, which limit their practical application. Microcapsule encapsulation technology effectively solves the above problems by constructing a core-shell structure, significantly improving the stability and thermal response efficiency of the material. This paper systematically reviews the classification, properties and current status of low-temperature phase change materials in different fields, focusing on the preparation methods, wall material selection, modification strategies and research progress of phase change microcapsules in improving thermal conductivity and suppressing supercooling. Studies have shown that the comprehensive performance of phase-change microcapsules can be significantly improved through the modification of shell and core materials, providing theoretical basis and technical support for their large-scale application in high-efficiency energy storage and temperature control systems.
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1. INTRODUCTION
[bookmark: OLE_LINK1]With the intensification of global warming, the improvement of residents' living standards and the rapid development of the Internet economy, the demand for cold chain logistics has shown explosive growth[1]. However, the carbon emissions problem brought about by refrigeration and air-conditioning systems is becoming increasingly serious. Studies show that by 2050, global refrigeration energy consumption may surge tenfold[2], creating huge environmental pressure. The current storage and transportation of temperature-sensitive products such as fresh food and pharmaceutical products face huge challenges——In order to control costs, domestic intra-city cold chains often use simple incubators instead of professional refrigerated trucks, resulting in a high rate of product quality change and loss. In the context of new energy transformation, although clean electricity such as solar and wind power provide solutions to the cooling energy consumption gap, their intermittent and volatile characteristics can easily lead to supply and demand imbalances. Therefore, the development of efficient energy storage technology has become a key breakthrough in coordinating the consumption of renewable energy and matching cooling demand.
As an important means of regulating the "peak shifting and valley filling" of refrigeration systems, cold storage technology has demonstrated unique advantages in the cold chain field in recent years. Among them, low-temperature phase change cold storage agents are widely used due to their low cost and convenient operation. This type of material achieves cold storage through latent heat absorption/release during solid-liquid phase transition, and can maintain a stable temperature zone during specific periods of time. However, traditional phase change materials generally suffer from problems such as high supercooling, phase separation and leakage risk, which seriously restrict their practical application. Microcapsule encapsulation technology can effectively solve the above defects by constructing a core-shell structure and wrapping the phase change material in a polymer wall material, while giving the material a higher specific surface area and thermal response efficiency, providing an innovative solution for cold chain transportation. For more than a decade, there have been few researchers on microcapsules in the field of cold storage. Therefore, preparing cold storage phase change microcapsule working materials and applying them in the field of cold storage has great application prospects and extremely high practical value. Studying their heat exchange and heat transfer characteristics and necessary influencing factors is one of the key areas of focus for current scholars and researchers.
2. Low temperature phase change materials
Phase change materials (PCMs) are a type of functional energy storage material that stores and releases thermal energy through a phase change process. When a phase change occurs, heat is transferred to the external environment. Researchers have applied this feature of phase change materials to thermal energy storage, cold energy storage, and regulating the temperature of the surrounding environment. Due to its high latent heat and energy storage density, it is also widely used in solar energy, textiles, construction and other fields[3].
Based on the phase change temperature standard, phase change materials can be divided into four types (550℃ or more): refrigeration (0℃ or less), low temperature (0 ~ 120℃), medium temperature (120 ~ 550℃) and high temperature. Among them, refrigeration and low-temperature phase change materials are widely used because they are closely related to life and can be better applied in life and production practices; in addition, some clean energy technologies such as solar energy and wind energy have developed rapidly due to the impact of the energy crisis, and refrigeration and low-temperature phase change material energy storage technologies have also been improved.
According to the change of physical state, phase change materials can be divided into solid → solid, solid → gas, liquid → gas and solid → liquid. Solid-solid transformation uses crystal form change to generate latent heat, which has advantages such as good stability and no leakage. However, due to the higher phase transition temperature and fewer types, there are currently few related applications. The latent heat properties of solid-gas transformation and liquid-gas transformation are good, but the volume expansion rate of the transformation into gas is too large to be used in actual conditions. the thermal storage properties and volume expansion rate of solid-liquid transition meet the needs, and the wide variety of materials, which can meet the needs of different temperature domains, have become a hot topic of interest to researchers. Solid-liquid phase change materials can be divided into inorganic, organic and composite phase change materials according to the material classification of phase change materials. The inorganic and organic phase change materials are compared in Table 1 below. The properties of composite phase change materials are all at an intermediate level, but due to the differences in properties between the two, it is difficult to form a stable mixture, so there are relatively few related studies.
Table 1. Phase change material properties

	Performance
	Inorganic phase change materials
	Organic phase change materials

	Latent heat
	High
	Low

	Thermal conductivity
	High
	Low

	Thermal stability
	Poor
	Good

	Supercooling
	High
	Low

	Degree of phase separation
	High
	Low

	Corrosive
	High
	Low

	Cost
	Low
	High



2.1 INORGANIC LOW-TEMPERATURE PHASE CHANGE MATERIALS
Water and partially crystalline hydrated salts are the main inorganic low-temperature phase change materials. The phase change temperature of water is very low and the most common. Some crystalline hydrated salts used in the low-temperature field (Tm<20℃) are shown in Table 2 below.
Table 2 Physical properties of inorganic low-temperature phase change materials

	Substance
	Chemical formula
	Melting temperature Tm(℃)
	Latent heat H (J/g)
	Thermal conductivity k (W/(m·K))

	water
	H2O
	0
	333
	0.612 (20°C)

	Lithium chlorate trihydrate
	LiClO3·3H2O
	8.1
	253
	-

	Zinc chloride trihydrate
	ZnCl2·3H2O
	10
	-
	-

	Dipotassium hydrogen phosphate tetrahydrate
	K2HPO4·4H2O
	18.5
	231
	-

	Potassium fluoride tetrahydrate
	KF·4H2O
	18
	330
	-

	Dipotassium hydrogen phosphate hexahydrate
	K2HPO4·6H2O
	14
	109
	-

	Ammonium chloride Sodium sulfate decahydrate
	NH4Cl·Na2SO4·10H2O
	11
	163
	-

	Sodium chloride Sodium sulfate decahydrate
	NaCl·Na2SO4·10H2O
	18
	286
	-



The phase change process of hydrated salts is mainly a dehydration process when heated and a process of re-bonding with water when cooled. Its general chemical formula is represented by XY·nH2O. When the temperature is greater than the melting point, the crystalline hydrated salt absorbs heat and releases water of crystallization to complete heat storage; when the temperature is less than the melting point, the hydrated salt releases the stored heat to form salt or partial salt hydrate. The advantages of inorganic hydrated salts are high latent heat and low cost, but there are problems such as phase separation, high supercooling, corrosivity and low thermal conductivity, which restrict their practical application. Therefore, how to suppress phase separation, reduce supercooling, reduce corrosivity and improve the thermal conductivity of the material is crucial for the practical application of phase change materials.
2.2 ORGANIC LOW-TEMPERATURE PHASE CHANGE MATERIALS
Organic low-temperature phase change materials are mainly single-component aliphatic hydrocarbons, aliphatic alcohols, fatty acids and paraffins with fewer carbon atoms. These organic substances can undergo a transition from solid to liquid or vice versa at a specific temperature, during which a large amount of heat can be absorbed or released for the purpose of temperature regulation. Some organic low temperature phase change materials properties are shown in Table 3 below.
Table 3 Properties of different organic phase change materials

	Substance
	Melting point(°C)
	Latent heat(J/g)

	Paraffin(C15-C16)
	8
	153

	C14H30
	6
	230

	C15H32
	10
	212

	N-pentadecane
	10
	205

	Propyl palmitate
	10
	186

	Isopropyl palmitate
	11
	95-100

	Isopropyl stearate
	14-18
	140-142

	Oleic acid
	12.3
	127

	Formic acid
	7.8
	247

	PEG-E400
	8
	99.6



Paraffin phase change materials are composed of straight-chain alkanes. The longer the carbon chain, the more latent heat is absorbed or released. The shorter the carbon chain, the less latent heat is absorbed or released. There is a positive proportional relationship between the latent heat of phase change and the number of carbon atoms. This is because the increase in the number of carbon atoms leads to an increase in the intermolecular interaction force More energy is required to overcome the interaction forces between molecules during phase transitions. Non-paraffins are generally alcohols, esters and fatty acids. Paraffin phase change materials have many advantages, such as being recyclable, having no supercooling, being stable in phase and not being corrosive. However, they have obvious shortcomings, such as inefficient heat conduction, low energy storage density and flammability. In contrast, non-paraffin phase change materials, although they have high latent heat and excellent heat transfer properties, are toxic, flammable, corrosive, environmentally polluting and expensive, which limits their widespread application in practice. Therefore, when selecting phase change materials, it is necessary to select the most suitable materials according to the application scenario requirements.
2.3 APPLICATION OF LOW-TEMPERATURE PHASE CHANGE MATERIALS
2.3.1 Cold chain transport
Fluctuations in ambient temperature during cold chain transportation can easily cause product loss. Some foods are prone to spoilage due to temperature during transportation, so it is necessary to maintain a constant temperature during transportation and storage to achieve the function of preservation. If phase change materials are introduced, their phase change temperature control function can be exerted to reduce ambient temperature fluctuations, which can effectively improve the quality of cold chain transportation products. Researchers use low-temperature phase change materials in refrigerated trucks, food packaging and refrigerators. This not only preserves food that is not easily spoiled, maximizes time in cold chain transportation, but also saves energy, reduces operating costs and maximizes benefits. In addition, in food transportation, the storage and transportation of temperature-sensitive products and their importance, so researchers are constantly improving and optimizing different types of phase change materials in order to find phase change materials that are more energy-efficient and have higher cold and heat storage efficiency. Cold chain transportation is divided into passive and active types according to the insulation method[4].
Passive refrigeration is mainly used in refrigerated boxes. Phase change cold storage materials are added to the box body to absorb the heat entering the box body, slow down the temperature rise rate, and provide a low-temperature storage environment for refrigerated objects for a long time [5]. Liu et al. [6] adsorbed KCl-NH4Cl eutectic salt on the superabsorbent polymer SAP to produce a cold storage material with a phase change temperature of -21℃ and a latent heat of phase change of 230.62J/g. When the material is refrigerated at -15℃ for biological samples, the refrigeration time can reach 16.37 hours, which can effectively ensure the quality of biological samples.
Active refrigeration is to install a refrigeration unit containing phase change materials in the car to actively control the temperature inside the car to a low temperature state suitable for food refrigeration[7]. In the active refrigeration system, the addition of phase change materials can assist in temperature control, reduce temperature fluctuations in the carriage, and reduce energy consumption of the active refrigeration system. Zhang et al. [8] studied the impact of integrated phase change materials on the energy consumption of refrigeration systems. The energy cost and operating cost of container refrigeration containing phase change materials were reduced by 71.3% and 85.6% respectively.
Combining phase change materials with cold chain transportation can give excellent play to the high latent heat and phase change temperature control characteristics of phase change materials. It can not only greatly extend the effective refrigeration time, but also reduce the temperature fluctuations in the refrigeration space, improve its temperature uniformity, and effectively reduce the loss rate of refrigerated products. Compared with traditional refrigeration, combining refrigeration systems with phase change materials can greatly reduce energy costs and operating costs, and play a role in reducing carbon emissions.
2.3.2 Energy saving in buildings
In recent years, people's pursuit of quality of life has led to an increase in demand for the function of storing cold and heat in buildings. At high temperatures, the amount of cold is released, and at low temperatures, the amount of heat is released. Phase change materials are used in the field of building energy conservation to release heat. When the temperature is high, the amount of cold is released, and when the temperature is low, the amount of heat is released. Phase change materials are used in the field of building energy conservation to maintain the indoor temperature within a comfortable range, improve people's living and office comfort, and achieve the goals of energy conservation and carbon emission reduction. The cooling storage technology used in the field of building energy conservation can be divided into passive cooling and active cooling according to the cooling storage method.
Passive cooling mainly uses phase change energy storage walls made by combining phase change materials with building walls to absorb heat to cool the room during the day and release heat to maintain the indoor temperature at night, which helps adjust the room temperature and reduce the building's heating and cooling energy consumption. Wang et al. [9] incorporated paraffin, expanded graphite and high-density polyethylene into cement mortar to prepare composite phase-change bricks. At 15~30℃ and 18~24℃, the energy storage capacity of the 120mm thick phase-change wall was increased by 12.7% and 61% respectively compared with the 240mm thick ordinary wall, effectively reducing indoor temperature fluctuations. 
Active cooling mainly converts and stores electricity and solar energy into cooling devices through refrigeration devices. It is commonly found in cold storage, household air conditioning and data center emergency cooling systems. It can release cold energy when needed and help alleviate the problem of mismatch between energy supply and demand. Dogan et al. [10] studied the impact of ice storage systems on the cost of air-to-air electricity in large supermarkets. The introduction of phase change materials improved the performance of refrigeration systems by 4.4%, and the current operating costs have been reduced by 60%. 
2.3.3 Electronic cooling
With the progress of society, electronic devices have become an indispensable part of people's lives. Electronic equipment will generate high temperatures when in use, and if it is not cooled in time, it is easy to cause safety hazards such as fire and explosion. Phase change materials absorb a large amount of heat when melting, which can quickly absorb the transient heating of electronic components, delay the temperature rise rate, and avoid local overheating. During intermittent high-load operation of the device, the phase change material maintains the chip surface temperature close to the phase change point through the melting process, reducing the thermal stress damage of temperature fluctuations to electronic devices. Yin Huibin et al. [11] used expanded graphite/paraffin composite phase change material as thermal storage material device, constructed a heat dissipation simulation experimental system for electronic devices based on phase change temperature control, and studied the time change of the simulated chip surface temperature under three different fluctuating thermal load conditions. The results showed that under the same conditions,  The resistance of the phase change temperature controlled heat dissipation experimental system to thermal shock is that of a phase change-free heat dissipation system1.4 times. Applying phase change temperature control to transient thermal management of electronic devices can effectively improve the thermal shock resistance of electronic devices and ensure the safe and reliable operation of electronic devices.
2.3.4 Thermal management of textiles
The human body will sweat to dissipate heat when it feels hot. Similar to sweating to dissipate heat, phase change materials are applied to textiles to improve human comfort by introducing temperature regulation. This textile is called intelligent temperature-regulating textile, which can respond to changes in the human body or the environment, realize the two-way temperature regulation function of warmth and cooling, and adapt to changing environments. There are currently three main ways to combine phase change materials with textiles ∶filling method, coating method and fiber hollow filling method.
The filling method is to fill the phase change material into fibers or sealed bags, and then place them centrally inside the garment, especially in heat-generating parts such as the chest and back, to control the body surface temperature by directly absorbing or releasing heat through the phase change material. Hou et al. [12] developed a liquid-cooled vest based on phase change materials with a mass of 1.8 kg, which can provide the wearer with a comfortable temperature environment of at least 2 h in hot environments.
Coating method Phase change microcapsules are added to the coating liquid, and the liquid is evenly applied to the surface of the fabric with a scraper, so that the phase change microcapsules are adhered to the fiber surface to change the thermal properties of the textile. Xu et al. [13] fixed phase change microcapsules on cotton clothing. The phase change temperature of the clothing produced was 16.5~36.8℃, which was in line with the thermal comfort temperature of the human body. In addition, the insulation coefficient of the clothing increased from 1.05% to 32.2% compared with clothing without phase change materials.
The fiber hollow filling method is to process fibers containing hollow structures and fill them with phase change materials to give the fibers energy storage properties. Song et al. [14] used vacuum impregnation to encapsulate lauric acid into kapok fiber microtubes, and obtained a sample with a lauric acid mass fraction of 86.5% and an enthalpy value of 153.5 J/g. The performance remained basically unchanged after 2000 cycles.
3. Phase change microcapsule technology
3.1 CONCEPT OF PHASE CHANGE MICROCAPSULE TECHNOLOGY
Microencapsulation is a technique that uses film-forming materials to encapsulate substances into particles with core-shell structures at the nano, micro, or millimeter scale. The synthesized microcapsules are solid materials with a core-shell structure. The core part is called the core material, which is usually some volatile, unpleasant odor or easily deactivated and has poor stability; the shell part is called the wall material, which is synthesized from a film-forming and strong material. When selecting wall materials, it should be noted that there must be no chemical reaction between the core walls. Microcapsule technology can play a certain isolating role on substances, hindering the exchange of substances inside and outside the capsule wall. On the one hand, it controls the release of unstable substances in the capsule core and slows down the rate of impact on the external environment; on the other hand, it protects the core material and extends the life cycle and storage time of the capsule core substances.
Microcapsule technology deposits a layer of wall material on the surface of the core material, which not only avoids problems such as leakage, phase separation and corrosion of the phase change material, but also significantly improves the stability and heat transfer efficiency of the phase change material, making it perform better in practical applications. In addition to enhancing the physical and chemical properties of phase change materials, the encapsulated form of microcapsules also greatly facilitates the utilization, storage and transportation of phase change materials. Due to the protection of the capsule structure, phase change materials can be stably stored under a wider range of conditions, reducing performance degradation caused by environmental changesEncapsulation also simplifies the handling and transportation of materials, making them easier to integrate into various application scenarios.
3.2 WALL MATERIAL CLASSIFICATION OF PHASE CHANGE MICROCAPSULES
The wall materials of microcapsules can be divided into three types: organic, inorganic and composite. The inorganic wall materials are most commonly used in existing research in SiO2 and CaCO3. Inorganic wall materials have better thermal conductivity and mechanical strength than organic ones, but poor film-forming and sealing properties. Polymer materials in organic wall materials are the most widely used and are divided into natural, semi-synthetic and synthetic polymers.
Natural polymer substances are biocompatible and completely degradable, and are non-toxic and harmless to the environment. However, due to the presence of a large number of polar groups such as hydroxyl groups, their processing properties, environmental resistance and mechanical properties are poor, so they are often modified to promote their application.
Semi-synthetic polymers are mainly substances obtained by replacing hydroxyl groups on cellulose with other groups, such as ethyl cellulose, sodium carboxymethyl cellulose, etc. As bio-based materials, semi-synthetic polymers are less toxic, have good environmental compatibility, and the wall materials synthesized with them are more resilient. ethylcellulose is a rare lipid-soluble cellulose derivative widely used due to its good acid and alkaline resistance, film formation and mechanical properties, and is mostly used to coat water-soluble substances.
The various aspects of synthetic polymer materials have the best performance compared to the first two. among them, urea-formaldehyde resin and polymethyl methacrylate have been studied more as microcapsule wall materials, but these substances are difficult to degrade in the natural environment and are the main source of formation “white pollution”, bringing harm to the environment.
The wall material of phase-change microcapsules plays a crucial role in the encapsulation process. It is necessary not only to effectively wrap the phase change core materials, but also to be able to control and release these core materials under specific conditions to achieve the purpose of regulating temperature. In order to ensure that the wall material can effectively protect the core material and maintain its stability, it must first have excellent chemical stability to ensure that there is no chemical reaction with the core material to maintain long-term safety and stability; secondly, it must have good immiscibility with the core material to prevent core material penetration leakage and phase separation phenomena; at the same time, it should have ideal film-forming properties It can form a uniform and dense protective layer to wrap the core material, and has sufficient mechanical strength and flexibility to resist external mechanical stress and internal volume changes. In addition, materials must meet non-toxic and harmless environmental protection standards to ensure application safety and environmental sustainability. Ultimately, it is necessary to take into account the cost-effectiveness of raw materials and the feasibility of industrial production to meet the needs of large-scale production.
3.3 PREPARATION METHOD OF PHASE CHANGE MICROCAPSULES
The preparation of microcapsules is to first finely divide the organic or inorganic core material, then use these particles as the core, and deposit, coat, and coat these particles with polymer or inorganic materials, forming a thin film on their outer surface, wrapping the core particles in it, and then forming a feature of wall material wrapping the core material This formation process is called microencapsulation. Common microcapsule preparation methods are shown in Table 4.
Table 4 Microcapsule preparation method

	Method of preparation
	Classification

	Physical Law
	Spray drying, fluidized bed coating, extrusion

	Chemical method
	Interface polymerization, in-situ polymerization, emulsion polymerization

	Physical and chemical methods
	Composite condensation method, phase separation method, sol-gel method



The principle of spray drying is to disperse the core material in the wall material solution, form tiny droplets through an atomizer, quickly dry the droplets with hot air, and the wall material solidifies and wraps around the core material. This method is simple and low-cost, making it suitable for large-scale production, but may not be suitable for heat-sensitive core materials. Mainly applied to food (fragrance, oil), medicine, cosmetics, etc. Li[15] prepared microencapsulated tilapia oil by spray drying using emulsified starch and embedded starch as wall materials and refined tilapia oil as core materials. Scanning electron microscopy can be used to observe that the surface of microencapsulated tilapia oil is smooth and flat, without cracks, and has a good embedding effect.
The interfacial polymerization method is to dissolve the two reaction monomers in the core material and the dispersed phase respectively, and undergo polymerization reaction at the droplet interface to form a polymer wall material. The microcapsules produced have dense walls and high mechanical strength, but the reaction conditions need to be precisely controlled. It is commonly used for pesticide sustained release and phase change material encapsulation. Zhan[16] used interfacial polymerization to prepare sorbitol aqueous solution microcapsules to obtain camouflage materials with fine near-infrared reflectance spectral characteristics of plant leaves. Polyurea was selected as the wall material, and a two-step temperature-increasing coating process was designed. Through the optimization of reaction temperature, microcapsules of sorbitol aqueous solution with a moisture content of more than 50% were obtained. The microcapsules are lightweight, have high moisture content, strong heat resistance, simple preparation process, and have a high degree of matching with the near-infrared reflectance spectrum of plant leaves. They have good application prospects in the field of anti-hyperspectral detection technology.
In situ polymerization is the process of polymerizing monomers directly on the surface of the core material by initiator or heating to form a wall material after mixing with the core material. This process is flexible and the wall thickness is controllable, but unreacted monomers may remain. Application in electronic materials and drug delivery systems. Chang[17] used in situ polymerization to prepare a series of low-temperature phase-change microcapsules with tetradecane as the core material and urea-formaldehyde resin as the wall material. The preparation results showed that the obtained microcapsules had a smooth and spherical morphology, uniform particle size distribution, a phase change temperature of 3.05℃, a latent heat of phase change of 60 J/g, and an average particle size of 8.4 μm. Solve the problems of poor stability and easy leakage of low-temperature phase change materials.
Emulsion polymerization involves dispersing the core material in an aqueous phase, adding monomers and initiators, and forming a polymer wall material through emulsion polymerization. This method is suitable for oil-soluble core materials with a narrow particle size distribution, but requires the use of surfactants. Functional microcapsules commonly used in coatings and adhesives. Li[18] prepared paraffin/polystyrene microcapsules using emulsion polymerization. The average size of the microcapsules obtained was about 18 um. The amount of surfactant used and the stirring rate have a great influence on the particle size of microcapsules. Within the experimental dosage range, increasing the dosage not only reduces the particle size but also improves the microencapsulation efficiency. In addition, four parameters of the microencapsulation process were optimized, namely LA/polystyrene, surfactant/polystyrene weight ratio, stirring rate and temperature; encapsulating lauric acid (LA) achieved an encapsulation efficiency of approximately 92%.
The composite condensation method utilizes two oppositely charged polymers (such as gelatin-gum arabic) to electrostatically combine on the surface of the core material to form a condensed layer and then solidify. The process is mild and the encapsulation rate is high, but the pH and ionic strength need to be accurately adjusted. Fragrance, vitamin embedding can use this method. In order to improve the stability of red yeast rice pigment, Chen[19] used gelatin and gum arabic as wall materials, supplemented by glutamine transaminase and hydroxypropyl-β-cyclodextrin, and prepared red yeast rice pigment microcapsules by a complex condensation method. The microcapsules significantly improved the water solubility and storage stability of red yeast rice pigment, and were the most stable when stored at low temperature and room temperature. By simulating the photodegradation process of red yeast rice pigment and its microcapsules, it was found that red yeast rice pigment and orange pigment conform to the first-order kinetic model, and yellow pigment conforms to the zero-order kinetic model Microcapsules can significantly improve the photostability of red yeast rice pigment; the microcapsule system has a good effect on delaying the release of red yeast rice pigment in simulated gastric juice, and the release rate in simulated intestinal juice is significantly higher than that in simulated gastric juice, which shows that the microcapsule system can well control the release of red yeast rice pigment in simulated gastrointestinal juice.
Phase separation is the process of precipitating the wall material from solution and wrapping the core material by changing the temperature, solvent or adding a non-solvent. Suitable for hydrophobic core materials, but with high requirements for solvent selection. Suitable for controlled release and electronic packaging of drugs. Tao[20] used polymethyl methacrylate (PMMA) as the capsule wall and epoxy monomer 2020A as the capsule core. He used solvent evaporation phase separation to prepare microcapsules with self-healing properties. The microcapsules produced had a rounded spherical morphology with an average diameter of 1.45 μm.
In addition to these methods, some microcapsule preparation methods have emerged in recent years, such as microfluidic technology and 3D printing packaging. Microfluidic technology uses microchannels to precisely control droplet generation and realize the preparation of monodisperse microcapsules. The microcapsules produced by this method have uniform particle size and controllable structure, but are relatively expensive and are used in some high-end drug delivery or biosensor reverse sides. Zhang[21] based on the ability of microfluidic technology to accurately manipulate fluid flow, constructed algae oil nanomicrocapsules with algae oil as the core and shellac and soy lecithin as the wall materials. The results showed that the fluid flow rate conditions in the microfluidic chip had a significant impact on the structural formation of nanomicrocapsules. Under optimal fluid conditions, the ratio of shellac to soy lecithin in the nanomicrocyte wall material has a significant effect on the physicochemical properties of the nanomicrocyte.
In recent years, 3D printing technology has become more and more mature, so microcapsule preparation can be achieved by constructing microcapsule structures layer by layer through 3D printing technology. This method can realize customized microcapsules with complex structures, but it is less efficient and is currently less used. It is used in some personalized medicines.
3.4 APPLICATION OF PHASE CHANGE MICROCAPSULES
Compared with ordinary phase change materials, phase change microcapsules have the advantages of not changing their morphology before and after phase change and are not easy to undergo phase separation. They are widely used in the field of food packaging. Phase change microcapsules can be used as cold storage agents in food packaging, and play a role in controlling temperature in various aspects of the cold chain such as storage and transportation. Pakrouh et al. [22] applied phase change microcapsules to the thermal management system of lithium-ion batteries and tested the effects of different discharge rates, fluid velocities, and phase change microcapsule slurry concentrations on the maximum temperature, maximum temperature difference, and system pressure drop of the battery pack. The results show that under the conditions of discharge rate of 5C, mass fraction of phase-change microcapsule slurry of 20%, and fluid flow rate of 0.05m/s, the speed of the thermoelectric management system in controlling the battery temperature is reduced by 70% compared with pure water. 
3.5 MODIFICATION OF PHASE-CHANGE MICROCAPSULES
Phase change microcapsule technology improves the phase separation and leakage problems of phase change materials, but in practical applications, phase change microcapsules still have some problems, such as low thermal conductivity, severe supercooling, poor mechanical strength and single function [23]. In order to enable phase change microcapsules to be better used in practical industrial production, improving the thermophysical properties of phase change microcapsules is a challenge of current research. Among them, the low thermal conductivity is due to the poor thermal conductivity of the microcapsule shell, which leads to a slower storage and release of thermal energy[24], which has influenced the application of phase change microcapsules in the field of thermal energy storage. The thermal conductivity modification of phase change microcapsules mainly includes two methods: shell material and core material modification. Among them, adding thermal conductivity material to the core material will lead to a decrease in thermal enthalpy and an insignificant improvement in thermal conductivity; while the shell material can form a dense package on the core material and come into direct contact with the outside world, which directly affects the thermal conductivity of MPCM Therefore, thermal conductivity modification of shell materials has become the main way to improve the thermal conductivity efficiency of phase change microcapsules. Researchers have proposed many methods for modifying the thermal conductivity of shell materials, which can improve the thermal conductivity of microcapsules by introducing thermal conductive materials into the shell materials [25]. After the shell material is modified for thermal conductivity, the heat exchange efficiency of the microcapsules is improved, and faster temperature regulation can be carried out in a shorter time. By adjusting the shape and particle size of the phase-change microcapsules to increase the core material used for energy storage, the supercooling phenomenon can also be effectively suppressed, which has a significant impact on improving thermal conductivity. Whether it is shell material modification or core material improvement, it is of great significance to the energy storage performance of phase change microcapsules. 
3.5.1 Method of shell modification
At present, there are four main methods for studying the thermal conductivity modification of shell materials: Pickering emulsion method, surface grafting method, chemical plating method, physical doping method, etc. Commonly used thermal conductivity modification materials include carbon-based materials [26, 27], metal materials [28], and metal or non-metal compounds [29]. They can improve the thermal conductivity of MPCM while maintaining its thermal storage capacity, thermal stability, and good mechanical properties.
The Pickering emulsion method is a new emulsion polymerization method that uses solid nanoparticles instead of traditional emulsifiers. It has attracted widespread attention at home and abroad in recent years. The principle of this method for shell modification is that solid nanoparticles with good thermal conductivity adsorb at the oil-water interface and can form a strong protective layer around the droplets. The high attachment energy of the solid nanoparticles can reduce the aggregation of emulsion droplets and ensure the stability of the emulsion. Then, the shell material undergoes polymerization reaction at the interface The heat-conducting particles are filled into the shell material to improve the heat-conducting performance of the microcapsules. In addition, after the solid nanoparticles are filled into the shell material, the shell material becomes denser and more complete, which can improve the coating rate and mechanical strength of the microcapsules. The thermally conductive particles commonly used in the Pickering emulsion method include GN, GO, nano-SiO2 particles, nano-Fe3O4 particles, nano-BN particles, etc. Compared with the traditional emulsion method, this method is more green and environmentally friendly, reducing the harm of traditional emulsifiers to the environment and the human body.
3.5.2 Core material modification method
Core modification is to add nanomaterials to the core to suppress the supercooling phenomenon, while narrowing the temperature range of energy release and improving the thermal conductivity of phase-change microcapsules. Currently, researchers tend to add nanocarbon tubes and nanographite to the core material to improve thermal conductivity. Wu et al. [30] used ultrasound to assist in the uniform dispersion of carbon nanotubes to improve the thermal conductivity. The results show that the addition of carbon nanotubes has little effect on the phase transition temperature of the composite material, and the thermal conductivity of the composite material increases with the addition of carbon nanotubes. When the addition amount was 5%, the thermal conductivity was relatively improved by 40.3%.  Li et al. [31] used in situ polymerization to prepare a new microcapsule phase change material based on urea formaldehyde resin as the wall material and paraffin as the nuclear material. The experimental results show that after introducing a small amount of modified carbon nanotubes (CNTs) into the microcapsules, the average particle size of the microcapsules is significantly reduced. In addition, the phase change material has a low phase change temperature (26.2 ℃) and a large latent heat of phase change (47.7 J/g). At the same time, as the carbon nanotube content increases, the thermal conductivity of the microcapsules gradually increases. Especially when the carbon nanotube addition amount reaches 4% of the paraffin content, the thermal conductivity of the microcapsules is improved by an astonishing amount compared with before modification79.2%.
4. Conclusion
Phase change materials, especially low-temperature phase change materials, are of great value in responding to energy crises and realizing low-carbon cold chains. Microencapsulation technology effectively solves problems such as leakage, phase separation and corrosion by encapsulating phase change materials, significantly expanding its application range. Current research mainly focuses on improving the thermal conductivity of phase-change microcapsules, suppressing supercooling phenomena, and enhancing mechanical strength. Significant results have been achieved by modifying the shell material through Pickering emulsion, surface grafting, chemical plating and physical doping, as well as introducing high thermal conductivity nanomaterials such as carbon nanotubes and graphene into the core material.
However, phase change microcapsules still face problems such as insufficient thermal conductivity, subcooling control, high cost and environmental compatibility in practical applications. Future research should focus on developing new environmentally friendly wall materials, optimizing microcapsule structural design, achieving multifunctional integration (such as fire protection, antibacterial, etc.), and promoting their integration testing and demonstration applications in actual systems. Multidisciplinary collaboration with industry, academia and research will accelerate the transition of phase change microcapsule technology from the laboratory to industrialization, providing sustainable solutions for achieving efficient and low-carbon energy utilization and temperature management.
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