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Abstract 10 

Limited thermal conductivity and leakage of phase change material (PCM) are among the most 11 

challenging obstacles that impede their effective applications in real-world scenarios. This 12 

study focussed on enhancing the thermal conductivity (TC), address leakage issues and 13 

incorporate thermoelectric conversion capabilities by using a single multifunctional scaffold. 14 

The shape stable PCM (ss-PCM) composite has been prepared using medium temperature 15 

range (˜46 ℃) commercial grade paraffin wax (PW) as organic PCM while expanded graphite 16 

(EG) as an encapsulating scaffold.  The composite was prepared using vacuum impregnation 17 

method, incorporating various weight percentages (wt.%) of EG. In particular, the three wt.% 18 

of EG that has been used to encapsulate PCM are 5% (ss-PCM1), 10% (ss-PCM2) and 15% (ss-19 

PCM3). Then the composite was evaluated for its thermal stability, potential chemical 20 

interactions, leakage prevention, optical properties, thermal conductivity and thermo-electric 21 

conversion capability. Results revealed that the incorporation of 15 wt.% EG in PCM (ss-22 

PCM3) demonstrated no traces of leakage even after heating the composite at 60℃. In addition, 23 

a significant increment of 447% in thermal conductivity and 98% in light absorbance has been 24 

observed. However, the composite showed a slight decrement of 13.83% in latent heat related 25 

to base PCM. Finally, ss-PCM3 was put through to 500 heating-cooling cycles to evaluate its 26 

reliability and potential defects due to thermal fatigue. The characterization results of the 27 

composite were in close agreement before and after the thermal cycling, indicating its potential 28 

for practical applications. The electro-thermal conversion measurement findings indicate that 29 

the ss-PCM3 can achieve a conversion ability of 61.89% when operated at 4.8 V.  Several 30 

potential applications for this composite include energy-efficient buildings, infrared thermal 31 

concealment, solar energy utilization, and heat insulation. 32 

 
* Correspondence: adarshp@sunway.edu.my (A.K. Pandey); 

https://www.wordhippo.com/what-is/another-word-for/related.html
https://www.wordhippo.com/what-is/another-word-for/put_through.html
mailto:adarshp@sunway.edu.my


2 
 

 33 

Keywords: Shape-stable PCM; thermal stability; leakage prevention; thermal conductivity 34 

 35 

Graphical Abstract. 36 

 37 

 38 

 39 

1. Introduction 40 

 41 

In past few years, PCM has garnered a substantial attention in heat energy storage (HES) 42 

applications due to their high-energy storage densities, operational simplicity, and 43 

transformative industrial potential [1], [2]. This facilitates the effective retention of heat energy 44 

at consistent temperature that aligns with the phase transition temperature of the utilized 45 

application for energy storage [3]. TES find extensive application across various industries, 46 

including solar energy, waste heat recovery, battery thermal management, water desalination 47 

and electronic devices cooling [4]. There are two foremost types of PCMs viz organic and 48 

inorganic. Organic PCMs are generally non-corrosive and found to be chemical stable [5], 49 

abundantly available, relatively inexpensive, and easy to work with. However, one 50 

disadvantage of organic PCMs is that they have lower TC compared to inorganic PCMs [6]. To 51 

enhance TC of base PCM numerous works have been accompanied. For instance, Ji et al.[7] 52 

provides evidence that the incorporation of ultrathin-graphite foams (UGFs) into a PCM at 53 

volume fractions ranging from 0.8-1.2 vol% may significantly enhance its TC up to 18 times, 54 

without causing much alteration to melting temperature and latent heat. In their study, Han et 55 
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al.[8] used a cross-linked polymer swelling approach to develop a form-stable composite PCM 56 

with an improved TC of 1.28 Wm−1 K−1.  57 

Another challenge of using PCMs is their potential for leakage during process of shifting of its 58 

phase from solid to liquid [9]. To make the composite leakage proof, researchers have 59 

developed shape-stabile PCMs (ss-PCMs), which are composite materials that combine a PCM 60 

with a porous supporting matrix [10]. The supporting matrix helps to contain the liquid PCM 61 

and block leakage during the phase change process. There have been many studies that have 62 

worked on controlling the leakage problem in PCMs. For instance, Marske et al. adopted 63 

porogen-aided in situ sol-gel activity for synthesizing monolithic ss-PCMs with superior 64 

mechanical immovability [11]. In their 2022 study, Luo et al. [12] tackle the trade-off between 65 

constructing shape stable organic PCMs with high enthalpy values and low leakage rates. They 66 

present a novel hydrogel composed of reduced graphene oxide (rGO) and covalent organic 67 

framework (COF), resulting in an ultralight aerogel with a hierarchical porous structure. This 68 

aerogel exhibits exceptional absorption and affinity for organic solvents, enabling the synthesis 69 

of shape-stable composite PCMs with outstanding leak resistance, particularly in adsorbing 70 

molten organic PCMs like polyethylene glycol (PEG). The COF's superior affinity for PEG 71 

results in a remarkable 96.1 wt.% loading rate, surpassing rGO aerogel by 1.7 wt.%. 72 

Additionally, the COF reduces PEG/rGO−COF subcooling by 20.3%, demonstrating the 73 

composite's high enthalpy (164.6 J/g) and relative enthalpy efficiency (97.4%), highlighting a 74 

promising direction for high-enthalpy organic PCM composite preparation. In an additional 75 

investigation, Li et al. (2021) [13] introduce a pioneering strategy to augment the crystallization 76 

process of PEG phase change materials (PCMs). Their inventive method involves manipulating 77 

a matrix with polydopamine and silver nanoparticles, finely tuning pore systems and hydrogen 78 

bonding forces. This modification results in the adhesion of PEG PCMs onto mesoporous 79 

silica, showcasing remarkable chemical compatibility and a substantial 34.0% increase in 80 

thermal conductivity. The resultant shape-stabilized PCMs display exceptional thermal 81 

reliability after 10 cycles, underscoring their promising potential for practical applications in 82 

alleviating the energy supply-demand contradiction. Trigui et al. enhanced the performance of 83 

TES system by incorporating ss-PCMs composite composed of LDPE, hexadecane, and SEBS, 84 

with the addition of copper oxide [14]. A different type of ss-PCM was prepared by 85 

amalgamation of polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene triblock 86 

copolymer and PCM [15]. In another research study a shape-stable polyethylene glycol (PEG) 87 

PCM was prepared within the novolac colloidal structure using sol-gel in situ polymerization 88 

process with negligible leakage [16]. Ma et al. [17] engineer a high-performance composite 89 
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phase change material by encapsulating PEG in a dual-network hydrogel modified with 90 

Ti3C2Tx MXenes and silver nanowires (AgNWs). The resulting composite demonstrates 91 

superior thermal conductivity (0.64 W/m·K), an 88.9% photo-thermal conversion efficiency, 92 

and exceptional energy storage capability with 90.1% PEG loading. In a subsequent work, the 93 

researchers claimed to successfully obtain shape-stabilized composite PCMs (ss-PCMs) by 94 

impregnating paraffin (PA) into polymethylsilsesquioxane aerogels [18]. A ss-PCM composite 95 

(paraffin/HDPE/EG) through melt blending and mould processing method, HDPE helps to 96 

restrict the PCM leakage [19].  Luo et al. (2023) develop a high-performance composite phase 97 

change material (PEG/PVA-rGO) with outstanding PEG loading (96.9 wt%), elevated 98 

photothermal conversion efficiency (88.2%), and enhanced thermal conductivity (0.348 99 

W/m·K) [20]. 100 

There have been several works done to make ss-PCM using expanded graphite (EG) as a porous 101 

support. For example, a ss-PCM composite mixture was developed employing impregnation 102 

and dispersion manner, combining PEG 1000 as PCM and EG [21]. Wang et al. [22] introduced 103 

a composite phase change material by embedding hydrated salt into organic paraffin and 104 

stabilizing it with expanded graphite (EG). The resulting composite demonstrates excellent 105 

shape stability, enhanced thermal conductivity as well as high latent heat (196.6 J/g).  A study 106 

combined EG with MgCl2·6H2O–Mg (NO3)2·6H2O eutectic inorganic PCM to develop a 107 

composite with high thermal conductivity [23]. Another study prepared a CaCl2·6H2O/EG 108 

composite as a novel form-stable composite PCM through vacuum impregnation method [24]. 109 

In their study, Rathore et al. (2021) examined collective outcome of EG and Expanded 110 

Vermiculite on thermophysical features of a cost-effective commercial PCM (OM37) and its 111 

effectiveness in maintaining temperature within a building component. The study revealed that 112 

incorporating 7 wt.% of EG PCM, enhances the TC by 114.4%. Remarkably, the developed ss-113 

PCM maintained its desired properties despite 1000 heating and cooling cycles [25]. Wang et 114 

al. (2021) devised a ss-PCM composite by combining Na2CO3–K2CO3 with EG and coal fly 115 

ash (CFA) for high-temperature TES application. The incorporation of EG into these 116 

composites led to notable changes in the morphology causing an increase in surface area and 117 

pore size. However, addition of EG has slightly decreased its specific heat capacity and latent 118 

heat of the ss-PCMs, however, notable enhancement found for thermal conductivity [26]. 119 

Nevertheless, ss-PCMs encounter certain limitations, obstacles, and deficiencies that restrict 120 

their effectiveness and applicability. ss-PCM often exhibit a relatively low level of thermal 121 

conductivity. Several techniques have been used to enhance TC, including the incorporation of 122 

fillers, the introduction of pores, and the development of composites [27]. Nevertheless, it is 123 
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important to acknowledge that these methodologies may also yield adverse consequences, 124 

including increasing cost, complexity, and density, or affecting stability and compatibility. One 125 

additional obstacle associated with ss-PCM pertains to the need for satisfactory interfacial 126 

adhesion and wettability between the supporting matrix and the PCM. This is crucial to achieve 127 

consistent distribution and encapsulation. Additionally, the encapsulation procedure of PCMs 128 

may need the use of non-eco-friendly substances such as plastics or other materials. Previous 129 

research have demonstrated that the mass fraction of PCM absorbed in the supporting 130 

framework determines latent heat of final developed composite PCM. [28], [29]. An increase 131 

in the mass percentage of PCM inside supporting matrix leads to a corresponding increase in 132 

its latent heat storage capacity. While the use of high-thermal conductivity fillers may improve 133 

TC of PCM, it is crucial to reduce quantity of fillers to maintain its latent heat [7]. Therefore, 134 

in this study an attempt has been made to reduce the filler quantity by using a single 135 

multifunctional scaffold to target the major limitations of base PCM viz, thermal conductivity 136 

and leakage without a significant drop in the heat storage capacity compared to binary or 137 

tertiary composites. Additionally, the developed ss-PCM composite would further be tested for 138 

its potential to electric to thermal conversion. 139 

In this context, the combination of paraffin wax-A46 (PW-A46) PCM with expanded graphite 140 

(EG) as a conductive filler in ss-PCMs represents a novel and unexplored avenue. This 141 

commercial grade A46 paraffin was selected as PCM owing to its some advantageous 142 

properties such as medium phase transition temperature (˜45-50 ℃) for energy-efficient 143 

building temperature regulation, prevent overheating in sensitive components, electromagnetic 144 

interference (EMI) shielding, non-toxicity, high LHTES capacity (over 150 J/g), non-145 

corrosiveness, nonflammability, good chemical stability, low volumetric changes during phase 146 

transition, and large-scale availability [30]–[32]. For example, Gong et al. [33] created a 147 

versatile flexible phase change composite film using a one-step vacuum-assisted filtration 148 

method, showcasing high efficiency in light-to-thermal conversion, Joule heating generation, 149 

fire safety, and EMI shielding effects. 150 

 Although, activated carbon-based additives like CNT, CNF, and graphene could offer superior 151 

thermal conductivity and adsorption capacity. However, agglomeration and high costs hinder 152 

practical applications [34]. In this regard, expanded graphite (EG) emerges as a valuable 153 

alternative with better dispersion, significant PCM adsorption capability, and comparatively 154 

lower costs than other materials mentioned[25]. The incorporation of EG not only contributes 155 

to shape stability and thermal conductivity but also imparts intrinsic fire resistance, showcasing 156 

significant potential for safe and effective Li-ion battery thermal management [22]. Table 1 157 
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exhibits previous works regarding ss-PCM composites in the similar temperature range 158 

highlighting the enhancement in TCs. 159 

Table 1: Comparison of TCs of different organic ss-PCM composites 160 

PCM Supporting 

material 

PCM 

Loading 

(%) 

Melting 

temperature 

(°C) 

Thermal 

conductivity 

Reference 

Nonadecane Activated 

carbon + EG 

75 30.14 0.83 [34] 

Polyethylene 

glycol (PEG) 

Lignin-based 

ordered 

porous carbon 

(LOC) 

70 

--- 

0.5029 

[35] 

Paraffin (PA) 

75 0.5847 

Iron tailing 68.82 50.82 0.73 [36] 

Magnetite 50 57.93 0.53 [37] 

Perlite 53.40  50.40 0.40 [38] 

hexadecanol porous 

aerogel 

69.4 49.15 0.421 [39] 

Paraffin EG 85 ˜46 1.01 This work 

 161 

The highlighted advancements and comparisons with previous works serve to underscore the 162 

significance and innovation of the developed materials. By showcasing a 447% increase in 163 

thermal conductivity, improved shape stability, and substantial gains in both thermal and light 164 

absorption capabilities, the PW-A46 with expanded graphite surpasses or significantly 165 

improves upon prior achievements in similar studies. The electro-thermal conversion 166 

measurement results further emphasize the material's exceptional performance, providing a 167 

clear benchmark for the novel advancements and positioning the work as a notable contribution 168 

to the field. By employing EG to disperse and stabilize the PCM within the matrix, the resulting 169 

composite can achieve both enhanced shape stability as well as enhanced TC. This unique 170 

composite was analysed using SEM and FTIR to investigate its microstructure, morphology, 171 

and compatibility. THB (transient hot bridge), TGA (thermogravimetric analysis) and DSC 172 

(differential scanning calorimetry), were used to calculate TC, heat storage capacity, and 173 

decomposition temperature. The thermal reliability of composite for 500 cycles were also 174 

analysed to ensure their stability and suitability. This comprehensive analysis provides valuable 175 

insights into the composites' microstructural, thermal, mechanical, and reliability aspects, 176 

contributing to a better understanding of their potential application in medium temperature 177 

range. The significance of this study lies in its potential to contribute to the advancement of ss-178 

PCM for energy storage application. This work has important implications for improving 179 
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energy efficiency and reducing greenhouse gas emissions. This would be helpful in achieving 180 

the United Nations’ Sustainable Development Goals (SDGs), particularly Goal 7 and 13. 181 

 182 

2. Materials and Experimental Procedure 183 

2.1.Materials 184 

In this study, organic PW-A46 PCM with melting point of 46 ℃ and TC of 0.21 W/m·K 185 

obtained from PCM Products Ltd. Additionally, flake graphite (FG) powder purchased from 186 

ACS Material, LLC, located in Pasadena, CA, was utilized, with an expansion rate ranging 187 

from 220 ml/g to 300 ml/g. A comprehensive overview of the thermophysical properties of 188 

PW-A46 and EG are tabulated in Table 2.  189 

Table 2: Thermophysical properties of PW-A46 and additives 190 

Materials PW-A46 Expanded Graphite 

Phase Transition 

Temperature (°C) 

˜46 ℃ 3,652- 3,697 °C 

Density (kg/m3) 910  300 

Heating Enthalpy (J/g) 153  --- 

Thermal Conductivity 

 (W/m·K) 

0.21  50 -100  

Particle Size --- < 50 µm 

Colour 
White Silvery – grey to 

black 

Purity --- > 97% 

 191 

2.2.Expanded Graphite Preparation 192 

The porous EG scaffold was created by exfoliating flake graphite (FG) with potassium 193 

persulfate (K2S2O8) under concentrated H2SO4 at a temperature of 80 ℃. Initially, 1 gram of 194 

FG was mixed with a predetermined amount of concentrated H2SO4. Afterward, while stirring 195 

continuously at room temperature, K2S2O8 was incorporated into it. Once the mixture was 196 

thoroughly homogeneous, it was moved to water bath at 80 °C for 5 minutes to produce 197 

acidified EG. Ultimately, the obtained acidified EG was subjected to a neutralization procedure 198 

using distilled water under vacuum filtration following by drying in an oven at 60 °C for 5 199 

hours, yielding the final form of EG [40]. Fig. 1 (a) presents SEM images of FG while Fig. 1(b) 200 

depicts the SEM image of EG. FG exhibited a sheet-like structure with tightly packed layers 201 
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and a smooth surface. In contrast, EG displayed a distinct morphology, characterized by a 202 

worm-like fluffy shape [41]. This transformation occurred due to the decomposition of 203 

potassium persulfate, which resulted in the release of gases within the graphite layers [40], 204 

[42]. Graphite rapidly expanded along its C-axis direction as increasing pressure from gases 205 

overcome van der Waals forces between interlayers. These observations highlight significant 206 

differences in morphology between FG and EG. 207 

 208 

Fig. 1 SEM images of (a) Flake Graphite (b) Expanded Graphite 209 

 210 

2.3.Preparation of ss-PCM composite 211 

In this study, three samples of PCM composite with varying wt.% of EG namely, (PW-212 

A46/5%EG) ss-PCM1, (PW-A46/10%EG) ss-PCM2 and (PW-A46/15%EG) ss-PCM3 were 213 

prepared.  Initially, a specific quantity of PCM was kept in beaker and subjected to heating at 214 

60°C until it melted completely [43]. Besides, melted PCM was added with the treated EG 215 

samples, capillary force and surface tension enabled PCM to be completely adsorbed into EG. 216 

The mixtures were kept at 60°C for 24 hours and exposed to intermittent mixing by magnetic 217 

stirring for 5 minutes every 8 hours to ensure specific adsorption. Then the resulting powdery 218 

PCM composite was pulverized into tablets to evaluate the thermophysical properties. The ss-219 

PCMs were developed using the vacuum assisted melt impregnation (vacuum impregnation) 220 

with magnetic stirring method, as shown in Fig. 2. 221 
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 222 

Fig. 2. Representation of ss-PCM composites preparation 223 

 224 

2.4.Characterizations and thermal cycle testing instruments 225 

In this study, the morphology of ss-PCM was investigated using a TESCAN VEGA 3 scanning 226 

electron microscope (SEM) with VEGAS software. The chemical characteristics were analysed 227 

via Fourier-transform infrared spectroscopy (FT-IR) instrument obtained from PERKIN 228 

ELMER, USA. It covers a wavenumber range of 400-4000 cm−1 with a spectral accuracy of 229 

0.01 cm−1. The light transmissivity and absorbance was evaluated through LAMBDA 750 UV-230 

Vis spectroscopy obtained from Perkin Elmer, USA. The wavelength range of 280-1400 nm to 231 

encompass the UV, visible and infrared regions has been taken for measurements. The thermal 232 

conductivity of the ss-PCM was determined using the Transient Hot Bridge (THB-500) 233 

technique with Linseis Hot Point Sensors (HPS) across a wide temperature range from -150 °C 234 

to 700 °C. The transient plane source approach provided precise and accurate results with a 235 

precision of over 1% and an accuracy of over 5%. Melting point and latent Heat-storage 236 

capabilities were assessed with DSC 3500 (Sirius, NETZSCH) analysis with a heating rate of 237 

5 ℃ min-1 under N2 environment between 20 ℃ and 80 ℃. Further, heat storage capacity have 238 

been estimated using Equation (1),  239 

∆𝐻𝑠𝑠−𝐶𝑃𝐶𝑀 = 𝜂 × ∆𝐻𝑃𝐶𝑀 … … … … (1) [25] 240 

where Hss-PCM is theoretical latent heat, η is percentage of PCM in composite overall mass, and 241 

HPCM is PCM's experimental latent heat. To examine thermal reliability of ss-PCM, 500 242 

heating-cooling cycles were conducted using a customized copper plate model with controlled 243 
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temperature ranging from 30 to 70 ℃ at 15 ℃ min-1 given steady environmental circumstances. 244 

Furthermore, a leakage test evaluated the ss-PCM leakage-proof performance by subjecting 245 

specimens to 60 °C (˜15 °C above PCM melting point) for 45 minutes inside an oven over filter 246 

paper. Additionally, to determine the rate of leakage in shape stabilized (ss-PCMs), the weight 247 

of each sample was recorded at 10-minute intervals, with a total of three measurements taken. 248 

The initial weight of the sample was denoted as Mo, whilst the weight of the sample that 249 

remained after being subjected to heating for a duration of n hours was represented as Mn. After 250 

applying heating, the leakage rate (Lrn) for each specimen was determined by using the equation 251 

(2) [44]:  252 

Lrn(𝑤𝑡. %) =
𝑀𝑜−𝑀𝑛

𝑀𝑜
× 100 … … … … … (2)  253 

The efficiency (φ) for electrical-to-thermal energy transition of developed ss-PCM was 254 

determined using Equation (3) [45]. 255 

𝜑 =
𝑚∆𝐻

𝑈𝐼𝑒𝑡
… … … (3). 256 

The variables m and ΔH represent the mass and latent heat of the composite ss-PCM 257 

respectively [45]. Ie represents electric current flowing through the circuit, U denotes the 258 

voltage applied, and t signifies elapsed time. 259 

The enthalpy efficiencies for our obtained DSC values of latent heat for all the composites can 260 

be calculated by equation (4) as:  261 

𝜆 =
∆𝐻𝐻(𝑠𝑠−𝑃𝐶𝑀)

∆𝐻𝐻(𝑃𝐶𝑀)
…….(4)[46] 262 

where ∆𝐻𝐻(𝑠𝑠−𝑃𝐶𝑀) and ∆𝐻𝐻(𝑃𝐶𝑀)mean the melting enthalpy of ss-PCMs and pure PCM, 263 

respectively. 264 

 265 

2.5.Uncertainty analysis of measuring instruments 266 

The study of uncertainty in measuring devices is a significant and complex undertaking that 267 

requires a comprehensive understanding of measurement procedure, origins and impacts of 268 

uncertainty, and the techniques and resources for evaluating and expressing uncertainty [47]. 269 

The utilization of uncertainty analysis may enhance the calibre and dependability of measures, 270 

as well as facilitate the effective communication of outcomes and their constraints to users and 271 

clients. Table 3 includes the different equipment used in this study along with deviation errors. 272 

Table 3: Summarizing the uncertainty analysis of the equipment used in the study: 273 

Equipment Measurement 

type 

Max. 

Deviation 

Instrument 

error 

Scale 
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Weight 

balance 

Weight of PCM 

and fillers 

--- 0.001 g 0.0001 g 

 

TGA 

Mass loss ±5 mg ±0.24 % 20-600 ℃ 

Temperature ±0.4 ℃ NA 

THB Thermal 

conductivity 

NA ±10 % 0.02-2.0 (W/m·K) 

DSC Latent heat ±1.15 J/g ±0.2 % 50-600℃ at 0.001 to 

1000℃ per min 

Melting point ±0.11 ℃  

Uv-Vis Absorption / 

Transmission 

--- ±0.1 % 200 nm-3300 nm  

 274 

This study examines the methodology proposed by McClintock and Kline for evaluating the 275 

level of uncertainty associated with measurement devices [48]. The evaluation of experimental 276 

uncertainty is accomplished using mathematical equations 4 as:  277 

𝑈𝑄 = √[(
𝜕𝑟

𝜕𝑦1
)

2
(𝑧1)2 + (

𝜕𝑟

𝜕𝑦2
)

2
(𝑧2)2 … … … … . . + (

𝜕𝑟

𝜕𝑦𝑛
)

2
(𝑧𝑛)2]…... (5) 278 

Where, wr represent the uncertainty associated with the outcomes. R is a predetermined 279 

function of the independent variables (Y1, Y2, ..., Yn), and (Z1, Z2, ..., Zn) represents the 280 

uncertainties associated with the independent variables. The assessment of uncertainty in 281 

measuring thermophysical properties for this investigation was conducted prior to expanding 282 

the experiment via the use of several methodologies. The amount of uncertainty detected in 283 

this study was found to be less than 5%, indicating a high level of accuracy in the instruments 284 

used for the present research. 285 

3. Results and Discussion 286 

3.1.Analysis of chemical interactions and functional groups 287 

The Fourier transform infrared (FTIR) spectroscopy was utilized to assess chemical interaction 288 

between PCM and EG. Paraffin wax is a hydrocarbon compound classified as an alkane, 289 

characterized by its chemical formula CnH2n+2. It is composed of linear hydrocarbon molecules, 290 

with the value of n ranging from 20 to 40. The non-linear nature of paraffin molecules can be 291 

attributed to the sp3 hybridization of each carbon atom. Consequently, paraffin with a chemical 292 

structure of CnH2n+2 is expected to display a total of (3n-6) vibration modes [30]. Out of the 293 

total number of vibrational modes of paraffin molecules, which is represented by the equation 294 

3n-6, only four modes are found to be infrared (IR) active. These specific modes are discovered 295 
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and associated with peaks observed at a particular wavenumber. The observed wavenumbers 296 

are 2847, 2916, 1471, 1366 and 715 cm−1 [49]. The FTIR spectral curve of the prepared ss-297 

PCM is shown in Fig. 3. The wavenumber 2916 cm−1 conforms to symmetrical vibrational 298 

stretching of –CH3, where bond length rises equally. Similarly, the wavenumber 2847 cm−1 299 

corresponds to the symmetrically vibration of stretching of –CH2. The presence of a peak at a 300 

wavelength of 1471 cm−1 indicates the occurrence of deformation vibration, specifically the 301 

change in bond angles, in both the –CH3 and –CH2 groups [50]. The last peak observed at a 302 

wavelength of 715 cm−1 indicates to rocking vibration, which involves angular bending of 303 

bonds in both clockwise and anticlockwise directions within the same plane, namely within the 304 

–CH2 group [51]. All PCM composites, exhibit spectral curves like those base PCM, indicating 305 

that the EG and PCM are physically intermingled. Lacking carboxyl groups, the EG does not 306 

exhibit IR activity or generate peaks when exposed to IR radiation. In addition, the absence of 307 

any additional peaks or chemical reactions confirms that ss-PCM exhibit excellent 308 

compatibility with EG and no of chemical interactions. 309 

 310 

Fig.3. Functional group peaks 311 

 312 
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3.2.Morphology and microstructure of PCM, EG and ss-PCM composite 313 

The scanning electron microscope (SEM) can be utilised to examine the morphological 314 

characteristics of the PCM, EG, and the resulting ss-PCM. Fig. 4 (a) illustrates the SEM image 315 

of base PCM, it showcases its intricate microstructure at a high-resolution level. The SEM 316 

images depict a well-defined and homogeneous morphology with a smooth and even surface. 317 

The microstructures of PCM exhibit a consistent distribution of its constituent elements, 318 

revealing its compositional uniformity. Further, these SEM images shows the presence of 319 

unique crystalline domains of PCM, indicating its organized lattice structure at the microscale. 320 

The absence of significant defects or irregularities on the surface suggests a high level of 321 

material purity and structural integrity. The application of thermal treatment induces the 322 

partitioning of a significant proportion of the carbon layers within the FG material, leading to 323 

the formation of a cellular morphology characterised by the presence of multiple carbon layers 324 

composing the walls of each individual cell. Further, because of the porosity related with local 325 

separation, the total volume of EG increases while the density decreases in comparison to FG. 326 

The surface of the EG displays an interweaving arrangement of numerous worn like structures 327 

[52]. As shown in Fig. 4 (b) these honeycomb structures enable the EG to exhibit excellent 328 

adsorption properties [53]. Additionally, when the PCM undergoes melting, the presence of 329 

these honeycomb capillaries effectively prevents any potential leakage. The SEM images in 330 

Fig. 4 (c-e) depict the composite ss-PCM1, ss-PCM2 and ss-PCM3 at different weight 331 

percentage of EG. Upon observing Fig. 4 (c), it becomes evident that even after the PCM has 332 

been adsorbed into pores of EG, worm-like structure of expanded graphite remains intact. Upon 333 

increasing content of expanded graphite (EG) in ss-PCM composite, surface features of sample 334 

underwent noticeable changes. The PCM phase initially had smooth features, but these 335 

disappeared, leaving only the lamellar structure of the expanded graphite. This suggests that at 336 

an EG content of 10%, the PCM was absorbed into the composite's pore structure, as shown in 337 

Fig. 4 (d). However, the presence of noticeable clusters of block and strip paraffin on the 338 

surface suggests an excess of paraffin relative to the absorption capacity of the EG. 339 

Furthermore, the capillary force of the EG appears to be insufficient, leading to the 340 

accumulation of paraffin on both the pore surface and within the pores. With further increases 341 

in EG content viz., 15%, as evident from Fig. 4 (e) the surface pore structure of the ss-PCM3 342 

composite became more distinct, indicating a stronger effect of PW-A46 adsorption. All the 343 

PCM has been absorbed by the EG in ss-PCM3 composite. The uniform distribution of the 344 

absorbed paraffin inside the ss-PCM3 composite, because of capillary pressure and force of 345 

surface tension of porous EG [54]. EG forms a stable layer that reduces interfacial tension, 346 
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promotes better wetting, and prevents aggregation or migration of paraffin droplets, resulting 347 

in a homogeneous distribution of paraffin throughout the composite material. Additionally, for 348 

better understanding and visualization, more SEM images at different magnifications have 349 

been included in the supplementary document as Fig. S1. These supplementary images offer a 350 

more comprehensive view. 351 

 352 

Fig. 4. Morphological SEM image of (a)base PCM, (b) expanded graphite (EG), (c) ss-353 

PCM1, (d) ss-PCM2, (e) ss-PCM3 354 

The inclusion of micro-meso pores within the system plays a pivotal role in establishing a 355 

heightened capillary effect, facilitating the absorption and confinement of the base PCM known 356 

(PW-A46). Notably, the capillary and surface tension forces arising from the pores of expanded 357 

graphite (EG) act as stabilizing agents for the PCM [55]. This phenomenon results in the PCM 358 

being effectively secured within the system through interactions with the capillary and surface 359 

forces exerted by the porous structure of EG [56]. Furthermore, the compatibility of EG with 360 
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organic compounds is crucial in this context, as it enables a seamless attachment of the PW to 361 

the surfaces of the graphite layers. This interplay of forces and material compatibility 362 

substantiates the successful shape stabilization of the PCM, illustrating the intricate and 363 

scientifically significant processes at play in the development of our innovative composite 364 

material. 365 

Furthermore, to ascertain the chemical composition of the PCMs, porous additives, and 366 

composite PCMs, they were subjected to visualization using energy-dispersive X-ray 367 

spectroscopy (EDX). The resulting spectra are presented in supplementary document as Fig. 368 

S2. The organic PW-A46 consists primarily of carbon atoms. Fig. S2 (a) demonstrates that the 369 

carbon elements within the complex can be observed and recreated through the utilization of 370 

EDX spectroscopy. EG is again composed of carbon atoms, and the spectral analysis of EG 371 

reveals the existence of carbon, as illustrated in Fig. S2 (b). Similarly, it may be argued that ss-372 

PCMs are mostly a carbon derivative, as evidenced by the presence of a peak corresponding to 373 

the element C, as seen in Fig. S2 (c-e).  Furthermore, these composite ss-PCMs demonstrates 374 

the uniform adsorption of EG enhanced PCMs within the pores of EG material. This 375 

observation serves as confirmation of the presence of the created composite sample. 376 

 377 

3.3.Optical properties of ss-PCM composite 378 

Most organic PCM exhibit transparency within the electromagnetic spectrum of wavelength 379 

range from 280 to 720 nm. Consequently, it becomes imperative to augment the absorption 380 

capabilities of these organic molecules within the aforementioned wavelength area in order to 381 

optimize their effectiveness in harnessing solar energy. The absorbance of photons by PCM is 382 

a critical factor to consider when investigating operational conversion of light energy into 383 

thermal energy in TES systems, as solar radiation is the primary input energy source. The light 384 

absorbance patterns of the prepared ss-PCMs were investigated through a UV-Vis 385 

spectroscopy. The primary sources of solar radiation are concentrated in the ultraviolet (UV) 386 

range (7%), visible light range (44%), and near infrared (IR) range (37%). Therefore, light 387 

absorance of ss-PCM is examined inside the limits of 280-1400 nm wavelength, which 388 

encompasses the UV spectrum (280–380 nm), visible spectrum (380–720 nm), and IR 389 

spectrum (720–1400 nm) [57]. Single colour of light is shown through PCM sample. The 390 

transmittance and absorbance characteristics of ss-PCM composite sample are shown in Fig. 5 391 

(a) and (b), respectively. Light absorbance, denoted by absorbance (A), serves as a metric for 392 

light a material absorbs, as per the Beer-Lambert Law: 393 

𝐴 = 𝛼𝐼𝐶 … … … (5) 394 
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Absorptivity (α) is a material-specific parameter defining its intrinsic capacity to absorb light, 395 

and it directly influences absorbance. This relationship is contingent on factors like substance 396 

concentration (C), light path length (I), and material characteristics, collectively influencing 397 

the overall optical behavior of the material. Absorbance is not directly proportional to 398 

wavelength, for each substance absorbs light at different wavelengths. Absorbance depends 399 

more on the concentration of the solution and its molar absorptivity. Since α is a constant 400 

determined by each substance, A (absorbance) is directly proportional to C (concentration).  401 

Typically, organic phase change materials (PCMs) exhibit a white colour and show lower 402 

absorbance compared to darker materials. However, since the chosen PCM belongs to the 403 

alkane family, achieving absorbance requires higher energy due to the necessity for electron σ-404 

σ* orbital transition. 405 

 406 

 407 

Fig. 5. Solar spectral (a) transmissivity curve (b) absorbance curve of ss-PCMs  408 

Fig. 5 (a) shows, that the transmittance of the composite PCM diminishes as the absorbance 409 

rises. Notably, the presence of EG due to its black colour reduces light transmission while 410 

increasing absorption. As can be shown in Fig. 5 (b), absorbance of base PCM is around 0.60; 411 

however, increasing quantities of EG in composite PCM results in enhanced absorbance of 412 

1.19 due to high energy intensity at shorter wavelengths of UV spectrum. This upward trend in 413 

absorbance suggests that adding EG improves the PCM's capacity to absorb solar energy.  The 414 

transmissibility of the base PCM is resolute to be 27.4%. The transmissibility values for 415 

composite PCM samples, ss-PCM1, ss-PCM2 and ss-PCM3 are 10.7%, 6.4% and 6.1%, 416 

respectively. These results indicate a reduction in transmissibility as the concentration of EG 417 

increases within the PCM. It is essential to consider the inverse link between transmissibility 418 

and absorbance. The decreased transmission observed with the addition of EG to the PW-A46 419 
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PCM is accompanied by increase in absorbance. Enhance in absorbance enables PCM 420 

composite to capture and respond to incident solar radiation, facilitating higher thermal energy 421 

storage rates more effectively [58]. The increased absorption found in the composite distributed 422 

with EG, as opposed to pure PCM, can be attributed to the interaction of many significant 423 

variables. When exposed to continuous radiation, transparent organic molecules naturally 424 

absorb some of the energy they receive, and this absorption is increased by the dispersion 425 

of EG. Photon absorption in the PCM, induced by energy packets from the solar spectrum, 426 

causes electrons to shift from lower energy ground states to higher energy excited states. More 427 

precisely, in the case of alkanes, this process entails the movement of electrons between σ and 428 

σ* orbitals. The increased energy needed for electron transitions in organic molecules is 429 

fulfilled by solar radiation [30]. However, the addition of evenly dispersed EG enhances the 430 

effectiveness of absorption. The basis for this improvement lies in the many rotational and 431 

vibrational movements displayed by molecules under normal circumstances, resulting in the 432 

absorption of a broad range of wavelengths. The subtle variations in energy levels related to 433 

different forms of stimulation, particularly electronic stimulation, clarify the observed rise in 434 

absorbance in the EG-dispersed composite. 435 

 436 

3.4. Thermal decomposition analysis 437 

To assess thermal stability of organic PCM PW-A46 and its composite with EG, a thermal 438 

degradation analysis was conducted using TGA. The study observed the weight percentage loss 439 

of the base PCM and composite samples ss-PCM1, ss-PCM2, and ss-PCM3 as the temperature 440 

increased. The weight degradation profiles of the samples are presented in Fig. 6. Results 441 

indicate that no decomposition occurred up to 200°C. Highest weight loss, about 90%, was 442 

observed between 230°C and 300°C as PCM underwent evaporation and degradation. Initiation 443 

points of decomposition for composite specimen closely resembled that of base PCM. 444 

However, composite samples showed a culmination point of decomposition between 310°C 445 

and 330°C, indicating presence of residual EG. All composite samples displayed higher 446 

degradation temperatures than base PCM, except for ss-PCM3, which showed slight decrease 447 

in degradation temperature due to the formation of micro composites caused by some EG 448 

clustering. The TGA curves confirm that EG was effectively dispersed within the PCM, leading 449 

to an improvement in the thermal stability of the samples. These findings align with previous 450 

research that supports the enhanced thermal stability achieved through other porous-matrix-451 

based shape-stable composite PCMs [44], [59]. 452 
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 453 

Fig. 6. PCM composite thermal degradation analysis at different weight% EG 454 

 455 

3.5.Latent heat enthalpy 456 

Latent heat enthalpy is the amount of heat absorbed or released by a material during a phase 457 

change, such as melting or crystallization. DSC is used to examine latent heat enthalpy of a 458 

material by measuring area under the curve corresponding to phase change of sample in the 459 

DSC curve. The latent heat enthalpy can be used to find out heat capacity, the degree of 460 

crystallinity, the purity, and the thermal stability of a material. Results of DSC testing for PCM 461 

and its composites are presented in Fig. 7. All ss-PCM samples exhibited distinct endothermic 462 

and exothermic peaks, which indicated consistent phase change behaviour. Notably, addition 463 

of EG to ss-PCM decreased phase change temperatures due to weakened attractive interactions 464 

between inner surface of porous media and PCM [60]. The latent heat of melting of PCM and 465 

ss-PCM decreases with increasing EG content, due to the dilution effect of the non-melting EG 466 

filler and the possible reduction of crystallinity of the PCM matrix. Moreover, introduction of 467 

EG enhanced thermal conductivity of composite, which affected PCMs crystallization process 468 

[61]. This increased thermal conductivity facilitates faster heat transfer and dissipation, 469 
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potentially altering PCM's phase change properties. The measured latent heat storage capacity 470 

values for ss-PCM samples matched calculated values, as shown in Table 4. The calculated 471 

latent heat of melting of ss-PCM is lower than the measured latent heat of melting of PCM, 472 

due to the presence of the supporting matrix that reduces the effective PCM content in the ss-473 

PCM. 474 

Table 4 PCM and ss-PCM DSC analysis. 475 

PCM 

composite 

sample 

Onset 

melting 

temperature  

(℃) 

Peak melting 

temperature 

(℃) 

Measured 

latent heat 

of melting 

Hm (J/g) 

Calculated 

latent heat of 

melting Hc 

(J/g) 

Enthalpy 

efficiency 

λ 

ss-PCM 

(pure PCM) 

41.9 47.1 154 154 100 

ss-PCM1 

(5%EG) 

42.2 47.3 145.7 146.3 94.6 

ss-PCM2 

(10%EG) 

42.2 47.4 138.1 138.6 89.6 

ss-PCM-3 

(15%EG) 

42.3 47.4 132.7 130.9 85 

 476 

The DSC findings underscore the significance of taking into account both the phase change 477 

temperature as well as latent heat while preparation of ss-PCMs, particularly when including 478 

supplementary elements that may have an impact on both characteristics. 479 
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 480 
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Fig. 7.  Heating and cooling enthalpy curve of ss-PCM composites 481 

Table 4 presents the results of the DSC analysis for composite samples, including the base PCM 482 

and different formulations of ss-PCM with varying percentages EG. The onset melting 483 

temperature represents the temperature at which the phase transition begins, while the peak 484 

melting temperature indicates the temperature at which the melting process reaches its 485 

maximum intensity. The measured latent heat of melting (Hm) represents the amount of heat 486 

absorbed or released during the phase transition, measured in joules per gram (J/g). The 487 

calculated latent heat of melting (Hc) is an additional parameter obtained by equation (1) [25] 488 

that provides an alternative mathematical perspective on the energy absorbed or released during 489 

melting. 490 

For the ss-PCM samples with varying percentages of EG (ss-PCM1, ss-PCM2, and ss-PCM3), 491 

a consistent trend is observed. The onset and peak melting temperatures show minimal 492 

variation, suggesting that the introduction of EG does not significantly alter the initiation or 493 

intensity of the melting process. However, there is a gradual decrease in both measured and 494 

calculated latent heat values with an increasing percentage of EG. This indicates that the 495 

incorporation of EG influenced the latent heat characteristics of the composite, leading to a 496 

reduction in the amount of heat absorbed or released during the melting phase [30]. 497 

 498 

3.6.Thermal Conductivity 499 

Thermal conductivity is critical factor influencing overall thermal behaviour of PCMs. While 500 

PCMs possess several desirable thermal properties, their low conductivity limits their 501 

conductive nature. TC of composite PCM samples was analysed with the help of Transient Hot 502 

Bridge (THB) technique. Ss-PCM samples impregnated with EG was tested for its thermal 503 

conductivity at a constant temperature of 20°C. For each sample, ten readings were taken to 504 

determine an average thermal conductivity value. Phonons are the main carriers of heat in 505 

graphite and other carbon materials. Fig. 8 (a) shows the schematic representation of thermal 506 

conductivity mechanism due to the formation of continuous graphitic networks that facilitate 507 

the phonon transport along the basal planes of graphite. Fig. 8 (b) demonstrates the outcomes 508 

of thermal conductivity values for the PCM and the EG-impregnated composite PCM (ss-509 

PCM). As EG concentration amount enlarged upto 15 wt.%, TC of composite rises non-510 

linearly, with values ranging from 0.212 to 1.01 W/m·K. {Fig. S3 (supplementary) showing 511 

the measurement principle of thermal conductivity through THB}. 512 

 513 
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 514 

Fig. 8. a) Showing the mechanism of thermal conductivity in composite b) TC analysis of 515 

prepared ss-PCM composites consists of different weight% of EG 516 

As per the findings, the thermal conductivity varies from 0.20 ± 0.020 W/m·K to 1.10 ± 0.110 517 

W/m·K. The thermal conductivity for samples base PCM, ss-PCM1, ss-PCM2 and ss-PCM3 are 518 

0.20 ± 0.020 W/m·K, 0.750 ± 0.0750 W/m·K, 0.985 ± 0.0985 W/m·K and 1.101 ± 0.110 519 

W/m·K respectively. The thermal conductivity of composite can also be influenced by the 520 

porosity, density, and morphology of the material. Improving organic PCM's thermal 521 

conductivity relies heavily on the creation of thermal networks, facilitating faster charging 522 

processes [62], [63]. During phase transition, thermal conductivity of ss-PCM composite can 523 

be attributed to phonon transfer through phonon vibration. The formation of well-established 524 

thermal networks leads to significant increase in thermal conductivity [64]. Selected EG 525 

possesses surface area of 500-1200 m2/g, providing interconnected networks for efficient heat 526 

transfer pathways. It should be noted that higher concentrations can lead to non-uniform 527 

impregnation, which is undesirable as PCMs are favoured for their reliability during repeated 528 

thermal cycling between solid and liquid states. Additionally, the multiples of the test results 529 

in the supplementary file, which offers a detailed account of the measurement variability. 530 
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 531 

Fig. 9. Showing the comparison of heating and cooling process PCM and composites ss-532 

PCMs 533 

To visually represent the improved effect of thermal conductivity on the phase change material 534 

(PCM), a comprehensive study was conducted involving a comparison between the heating 535 

and cooling effects on pure PCM and ss-PCM. The specimens were subjected to heating on a 536 

controlled heating plate set at 60 ℃, with infrared thermal images captured after each 60-537 

second interval. The comparison, as depicted in Fig. 9, reveals a striking difference in the 538 

heating and cooling behaviors between the composite ss-PCM and the base PCM PW-A46. 539 

During the heating phase, the ss-PCM exhibits a notably faster temperature rise in contrast to 540 

the base PCM. This accelerated heating is attributed to the enhanced thermal conductivity 541 

facilitated by the composite structure. The incorporation of an EG matrix within the PCM 542 

contributes to improved heat transfer pathways, allowing for quicker thermal response. The 543 

efficiency of heat dissipation is further evident during the cooling phase, where the ss-PCM 544 

demonstrates a rapid decline in temperature compared to its counterpart, the base PW-A46. 545 

The enhanced thermal conductivity observed in the ss-PCM is a result of the synergistic effect 546 

between the PCM and the thermally conductive EG matrix. This study provides a visual 547 

representation of the advantageous impact of improved thermal conductivity in the composite 548 

ss-PCM, offering insights into its potential applications where rapid and efficient thermal 549 

response is crucial. 550 
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 551 

3.6.1. Numerical model for heat transfer study using 2-D Energy simulation software. 552 

A systematic, numerical study examines the heat transfer rate of base PW (organic-A46) PCM 553 

and ss-PCM3 composites under various heat input circumstances, as seen in Fig. 10. A two-554 

dimensional enclosure is investigated to exhibit PW-A46 thermal heat transfer rate by including 555 

porous additive EG as supporting material. In this investigation, the heat transfer from a heat 556 

source at 55 °C and 65 °C to a cold source at 0 °C has been calculated. The heat source is 557 

regulated to distinct variant temperatures of 55 °C and 65 °C, higher than the phase transition 558 

temperature (>46 °C) of the EG dispersed ss-PCM composites. The numerical investigation 559 

concentrates on the PW-A46 and EG encapsulated PCM composites 2D enclosures at a room 560 

temperature of 30 °C.  Fig. 10 (a) represents the PW-A46 PCM 2D enclosure with a thermal 561 

conductivity of 0.201 W/(m⋅K), and Fig. 10 (b) shows the ss-PCM3 2D enclosure with a thermal 562 

conductivity of 1.10 W/(m⋅K). Both enclosures are of uniform length, 20 cm, and 10 cm width. 563 

It was suggested that the complete area of the energy storage unit was subjected to thermal 564 

energy from some heating source, sustaining unchange thermal energy. In addition, the 565 

selection of heat source temperatures at 55 °C and 65 °C is likely based on optimizing the 566 

dispersed EG base ss-PCM. These temperatures correspond to the phase transition temperature 567 

higher than the melting point of the PCM, guaranteeing adequate energy storage and 568 

release. The selection is probably based on thermodynamic considerations to optimize the 569 

material's ability to absorb and release heat within a feasible temperature range for the intended 570 

use. 571 

 572 
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 573 

 Fig. 10. Illustration of problem under analysis (a) base PCM (PW-A46); and (b) ss-PCM 574 

composite  575 

3.6.2. Thermal performance assessment of PCMs and composite ss-PCM for energy 576 

storage in varied energy input environments 577 
 578 

After examining the experimental characterisation results described above, the PW-A46 579 

PCM with a 15 wt% EG base exhibits a higher thermal conductivity. This work utilises 580 

numerical analysis to explore the energy storage capacities of the PW-A46 PCM layer and 581 

ss-PCM3 by examining their heat transfer performance. The present study uses 2-D energy 582 

software to understand the heat transfer rate of EG-PW based ss-PCM composite and the 583 

base (PW-A46) PCM. The input parameters such as thermal conductivity, environmental 584 

temperature, sample temperature, absorptivity, transmissivity, specific heat, density, and 585 

external heat source temperature are feeders in 2-D energy software to observe the 586 

temperature distribution of the base PW-A46 and ss-PCM3 composite to understand the heat 587 

transfer rate. The primary focus is transferring thermal energy from end A to end B through 588 

the composite and the base PCM between both ends. Herein, end A is considered a heat 589 



26 
 

source, and end B indicates the heat transfer rate through the base PCM and the composite. 590 

The heat input source exhibits a varied temperature range of 55 °C and 65 °C. Specifically, 591 

heat transfer from end A is (a) case 1 (55 °C) and (b) case 2 (65 °C), while end B is initially 592 

set at 0 °C. Fig. 11 and Fig. 12 display the heat transfer rate of base PCM and composite 593 

within a two-dimensional enclosure featuring contour plots. In this context, a simulation 594 

analysis for steady-state heat transfer is conducted, with the heat sink consistently held at a 595 

constant temperature throughout all the discussed cases. Based on Fig. 11 and Fig. 12, with 596 

an increase in heat supply temperature from the source (end A), the results show that the 597 

maximum possible heat transfer penetration through the ss-PCM3 composite reaching the 598 

end B is improved considerably, as compared to the base PCM. The superior heat transfer 599 

in ss-PCM3 composite, compared to the base PCM, is attributed to the inclusion of 600 

conductive elements, facilitating the thermal networks enhancing thermal conductivity and 601 

facilitating more efficient heat propagation, resulting in improved penetration to end B. 602 

Similarly, the contour plots provide an effective means to comprehend the role of thermal 603 

conductivity in enhancing the energy charging rate. Noteworthy observations include a) an 604 

augmented energy transfer penetration in the ss-PCM3 composite compared to the base 605 

PCM, attributed to heightened thermal conductivity; and b) an increase in the magnitude of 606 

thermal energy, well-illustrated by the temperature values at end point B. Fig. 11 and 12 607 

distinctly present 2D enclosures of the base PCM and ss-PCM3 composite under diverse 608 

heat sources at various time intervals. (Please see the videos (V1 and V2) attached with the 609 

supplementary document under section S4. For a better understanding of heat transfer 610 

analysis (thermal conductivity) of base (PCM) and ss-PCM3 at heat input source of Q= 55 611 

°C and Q= 65 °C). 612 
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 613 
 614 

Fig. 11 Illustrates the thermal distribution (temperature contours) of the base PCM and 615 

ss-PCM3 composite under a 55 °C input heat source for different time intervals: (a) 0 616 
seconds, (b) PCM at 10 seconds, (c) 30 seconds, and (d) 60 seconds. 617 

 618 

 619 
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Fig. 12. Illustrates the thermal distribution (temperature contours) of the base PCM and 620 

ss-PCM3 composite under a 55 °C input heat source for different time intervals: (a) 0 621 
seconds, (b) PCM at 10 seconds, (c) 30 seconds, and (d) 60 seconds. 622 

 623 

3.7.Leakage test 624 
To test leakage resistance of the PCM samples, a detailed and careful procedure was followed. 625 

These samples were compressed into uniform round blocks measuring 30mm x 10mm. These 626 

blocks were then placed on filter papers to assess any possible leakage during thermal 627 

treatment. Treatment was conducted at controlled temperature of 60°C, ˜15 °C above melting 628 

point of PCM [19]. The samples were exposed to this temperature for 45 minutes to simulate 629 

long-term exposure and assess the PCM's stability. After the thermal treatment, the samples 630 

were carefully removed from the filter papers and visually inspected for any signs of leakage, 631 

which might indicate a compromise of the encapsulation integrity.  632 

Table 5 PCM and ss-PCM weight loss measurements after leakage tests 633 

Time (mins) 
Weight loss (mg) 

PCM ss-PCM1 ss-PCM2 ss-PCM3 

0 1400 1400 1400 1400 

15 658 1210 1281 1395 

30 0 (27 mins) 1087 1197 1394 

45 0 965 1133 1394 

 634 

Table 5 presents the weight loss measurements for both the base PCM and the ss-PCM at 635 

various time intervals during leakage tests. The initial weight for both PCM and ss-PCM is 636 

consistent at 1400 mg. As the test progresses, the weight loss is recorded, reflecting the extent 637 

of material leakage. Notably, after 15 minutes, the PCM registers a substantial weight loss of 638 

658 mg, while the ss-PCM variants (ss-PCM1, ss-PCM2, and ss-PCM3) show varying degrees 639 

of weight loss (1210 mg, 1281 mg, and 1395 mg, respectively). Intriguingly, after 30 minutes, 640 

the PCM weight loss reaches 0, indicating a potential sealing effect after 27 minutes, while the 641 

ss-PCM variants continue to exhibit weight loss. The subsequent entries at 45 minutes reinforce 642 

the stability of PCM with no further weight loss, contrasting with ongoing weight reductions 643 

in the ss-PCM variants. These measurements underscore the leakage resistance of the base 644 

PCM compared to the ss-PCM variants under the given test conditions. 645 

During the observation, it was noted that the ss-PCM1 sample exhibited noticeable leakage, 646 

while the ss-PCM2 sample showed minimal leakage due to the accumulation of excess PCM 647 

on the surface. However, after conducting surface treatment by removing the PCM from the 648 

composite surface, no leakage was observed. Furthermore, the ss-PCM3 sample exhibited no 649 

leakage at all, indicating that all the PCM had been absorbed by the EG. The absence of any 650 
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leakage in the ss-PCM3 sample can be attributed to the complete absorption of PCM by EG. 651 

During the vacuum impregnation process, the PCM is thoroughly disseminated and integrated 652 

into EG having porous structure, ensuring that there are no voids or gaps through which the 653 

PCM could potentially escape. 654 

 655 

 656 

Fig. 13. Leakage test results 657 

The unique porous nature of EG provides an excellent matrix for the PCM to be 658 

uniformly distributed and absorbed within its structure. The weight reduce in ss-PCM3 sample 659 

was found to be negligible, which was ensured by measuring the weight of ss-PCM composites 660 

before and after the leakage test. The leakage test results are illustrated as in Fig. 13. Based on 661 

these findings, it can be concluded that the addition of 15% EG (ss-PCM3) is considered 662 

optimal in this composite sample. This concentration effectively minimizes leakage while 663 

maintaining desirable thermal conductivity properties.  664 

4. Thermal cycling analysis 665 

To verify long-term operation of ss-PCM3 composite, thermal cycling test was conducted. The 666 

test involved subjecting pure PW-A46 PCM and EG dispersed composite ss-PCM3 to 500 667 

cycles of heating and cooling using a customized thermal cycler machine. SEM analysis as 668 

shown in Fig. 14 (a, b) confirmed presence of consistent scattering of PW-A46 PCM within 669 

the EG matrix, without any chemical reactions involving PCM molecules. The homogeneously 670 
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dispersed PCM within the porous EG network as shown in Fig. 10 (b) played a crucial role in 671 

enhancing thermal properties by providing efficient thermal networks and preventing 672 

agglomeration. FTIR analysis Fig. 14 (c) indicated possible chemical interactions and stability 673 

of both base PCM and composite PCM, as evidenced by similarity in vibration peaks to pre-674 

cycling state. The absence of peak shifts after 500 thermal cycles indicated the preservation of 675 

electronic distribution and hybridization. These results suggest that the ss-PCM3 composite 676 

exhibits robust thermal stability, making it a promising choice for real-time applications. 677 

Furthermore, Fig. 14 (d) provides visual evidence of PCM composites before and after 678 

undergoing 500 heating-cooling cycles, allowing readers to observe the changes directly. 679 

 680 

Fig. 14. 500 Heating cooling cycling analysis. (a) PW-A46 PCM Microstructure image, (b) 681 

PW-A46 15%EG PCM SEM image, (c) Functional group analysis, (d) photograph of 682 

composite PCM prior and subsequent 500 heating cooling cycles, (e) latent heat through 683 

DSC (f) TGA analysis 684 

 685 

Fig. 14 (e) displays phase transition temperature and melting enthalpy variations of both base 686 

PCM and composite PCM after thermal cycle testing. Improper crystallization during phase 687 
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transitions causes shifts in phase transition temperatures, which in turn modifies other 688 

thermophysical parameters of composite PCM samples. Fig. 14 (f) provides insights into 689 

thermal stability of PCM, illustrating presence of volatile components and weight loss 690 

percentage with increasing temperature. The composite PCM shows an increase in 691 

decomposition temperature after 500 thermal cycles, indicating improved thermal stability due 692 

to repeated temperature changes. These observations suggest role of ambient conditions and 693 

temperature effects on the behaviour of PCMs during DSC testing [65]. 694 

 695 

5. Electrical-to-thermal energy conversion  696 

The verification of the electrical characteristics of developed ss-PCM was achieved by 697 

demonstrating their ability to transmit electricity to light emitting diode, as illustrated in Fig. 698 

15. Upon activation of the power source, the bright diode exhibited illumination when it was 699 

connected to power source through the ss-PCM and copper wire. The findings of this study 700 

indicate that the produced ss-PCM exhibited exceptional electrical conductivity. This can be 701 

related to the existence of a three-dimensional ceaseless conductive matrix arrangement of 702 

encapsulating EG framework.  703 

 704 

 705 

Fig. 15. Diode coupled to an ss-PCM (PW/EG) generating light. 706 

In addition, an assessment was conducted on electric-to-thermal energy conversion and storage 707 

capability of the prepared ss-PCM. The experimental arrangement is depicted in Fig. 16 (a). 708 

According to Joule's law, the generation of heat flow can be attributed to the passage of an 709 

electric current through a conductor, where the heat generated (Q) is directly proportional to 710 

the square of the current (I), the resistance (R) of the conductor, and the time (T) during which 711 

the current flows, i.e., 𝑄 = 𝐼2𝑅𝑇 [66], [67]. Upon activation of the power source, the device 712 

https://www.wordhippo.com/what-is/another-word-for/ceaseless.html
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would provide a pathway for conducting electricity. Subsequently, ss-PCM system would 713 

proceed to accumulate and retain thermal energy produced by the flow of electric current. Fig. 714 

16 (b) presents the temperature-time curve of composite PW/EG ss-PCM. A melting plateau 715 

was observed in the temperature range of around 42 to 51 ℃. This indicates successful 716 

optimization of the experimental conditions to achieve the desired temperature stability during 717 

the phase transition, which signifies the conversion and storage of electric energy into thermal 718 

energy in the ss-PCM system, akin to the light-to-thermal energy conversion process. After the 719 

power was switched off, there was a sudden decrease in temperature until it reached a stable 720 

level at approximately 42 °C. This plateau persisted for approximately 20 minutes, indicating 721 

the release of stored heat. The electrical-to-thermal energy conversion efficiency (φ) of 722 

developed ss-PCM has been determined using Equation (3) [45]. 723 

𝜑 =
𝑚∆𝐻

𝑈𝐼𝑒𝑡
… … … (3). 724 

The variables m represents the weight while ΔH denotes heating enthalpy of ss-PCM 725 

respectively. Ie represents the electric current flowing through the conducting circuit, U denotes 726 

voltage applied, whereas t signifies the elapsed time.  727 

 728 
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Fig. 16. (a) Experimental setup for assessing the device's electro-to-thermal conversion. (b) 729 

The on/off power operation temperature fluctuation curve of the generated solid-state phase 730 

transition material (PW/EG) is shown. 731 

The electrical-to-thermal efficiency of the ss-PCM composite was assessed using a voltage of 732 

4.8 volts. The experimental setup involved subjecting the composite to electric load under 733 

controlled laboratory conditions. Temperature changes were monitored using thermocouples 734 

and recorded with a data acquisition system. The tangential method was applied to the t-axis 735 

(time) of the inset of Fig. 16 (b) to identify the starting and terminating points of the phase 736 

change, crucial for efficiency calculations. The latent heat released or absorbed during the 737 

phase change was determined based on temperature changes. The electro-to-thermal efficiency 738 

was then calculated using the obtained latent heat values. The electrical-to-thermal energy 739 

conversion efficiency (φ) of developed ss-PCM3 has determined to be 61.89%. This 740 

observation indicates that the developed PCM composites had remarkable thermal storage 741 

capacity, enabling them to effectively retain heat within the operational electric circuit even at 742 

lower temperatures. 743 

6. Conclusion 744 

This study aimed to comprehensively investigate the thermophysical characteristics and 745 

electrical-to-thermal conversion capabilities of shape-stable phase change materials (PCMs) 746 

fabricated through vacuum impregnation of EG (expanded graphite) into an PW-A46 organic 747 

PCM matrix. The innovative approach of utilizing vacuum impregnation sought to enhance the 748 

material's overall performance and suitability for various applications requiring efficient 749 

thermal management. The key findings of this study are as follows: 750 

• SEM analysis revealed a homogeneous distribution of PCM within the EG matrix, 751 

establishing effective thermal networks conducive to enhanced heat transfer. 752 

• Optimal chemical and thermal stability were observed at a weight concentration of 753 

15%, showcasing the efficacy of the fabrication process. 754 

• The incorporation of EG led to an impressive 447% increase in thermal conductivity, 755 

reaching 1.101 W/m·K, albeit with a marginal reduction of approximately 13.83% in 756 

latent heat. 757 

• Thermal gravimetric analyses (TGA) demonstrated superior breakdown temperatures 758 

compared to base PCMs, indicating enhanced thermal stability. 759 

• Fourier-transform infrared spectroscopy (FTIR) confirmed the chemical stability of the 760 

composite PCM even after 500 heating-cooling cycles, underlining its durability. 761 
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• Thermal cycling tests indicated heightened decomposition points while maintaining 762 

consistent latent enthalpy values, affirming the material's resilience under repeated 763 

thermal stresses. 764 

• The resultant composite PCM exhibited a remarkable 61.89% efficiency in converting 765 

electrical energy to thermal energy, showcasing its potential for applications in 766 

electronic components and battery temperature management. 767 

However, certain constraints need acknowledgment. The experiments, conducted in a 768 

controlled laboratory setting, may limit the generalization of results to real-world scenarios 769 

with varying environmental conditions. Flammability remains untested, necessitating further 770 

investigation for a comprehensive safety evaluation. Furthermore, additional research on the 771 

mechanical characteristics and elasticity of the composite material is imperative for its diverse 772 

applications. Overall, the findings underscore the promising potential of the fabricated PCM 773 

composite for advancing thermal management technologies. 774 
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