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Abstract The global shift toward renewable energy has significantly heightened the demand 

for efficient and sustainable materials for thermal energy storage. Conventional paraffin-based 

phase change materials (PCMs) are hampered by intrinsic limitations, including poor 

renewability, susceptibility to leakage, low thermal conductivity and photothermal conversion 

efficiency. To address these challenges, this study introduces the design and synthesis of novel 

bio-based eutectic phase change materials (EPCMs) derived from hexadecanol (HD) and 

various diols. Among them, the hexadecanol–1,12-dodecanediol (HD–DDD) EPCM exhibits 

the highest latent heat. This EPCM was then integrated with expanded graphite (EG) and 

Prussian blue (PB) to fabricate a composite PCM for solar thermal energy storage. Through 

optimization of the EG-to-PB mass ratio, the composite labeled EG14PB10 emerged as the 

optimal formulation, delivering a latent heat of 180.6 kJ/kg. Its thermal conductivity reached 

9.62 W/(m·K), approximately 24.7 times higher than that of pure HD–DDD. Accelerated 

thermal cycling tests confirmed excellent long-term stability of the composite. Remarkably, the 

synergistic effect of PB and EG substantially extends solar absorption across the solar spectrum, 

enabling a photothermal conversion efficiency as high as 93.7%. Owing to its superior thermal 

performance, high cycling durability, and bio-based composition, the developed EPCM 

composite stands out as a highly promising candidate for eco-friendly solar thermal energy 

storage applications. 
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Nomenclature  

CPCM composite phase change material PB Prussian blue 

DDD 1,12-dodecanediol PCM phase change material 

DDL 1,10-decanediol 𝑅𝑅 molar gas constant 

DSC differential scanning calorimeter 𝑆𝑆 illuminated area, m2 

EDS Energy-dispersive X-ray spectroscopy SEM scanning electron microscope 

EG expanded graphite 𝑡𝑡 time, s 

EPCM eutectic phase change material Tf freezing temperature, ℃ 

FTIR Fourier-transform infrared spectrometer Tm melting temperature, ℃ 

Hf freezing enthalpy, kJ/kg ΔTs supercooling temperature, ℃ 

Hm melting enthalpy, kJ/kg TGA thermogravimetric analyzer 

𝐻𝐻PCM enthalpy of the phase change material, 

kJ/kg 

𝑋𝑋 mole fraction 

HD hexadecanol XRD X-ray diffractometer 

𝐼𝐼 light intensity, W/m2 Greek letters 

LHS latent heat storage systems ω mass fraction 

𝑚𝑚 mass, kg Δ change in parameter 

𝑀𝑀𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 mass loss percentage 𝛿𝛿 enthalpy percentage deviation 

NIR near-infrared region η photothermal conversion 

efficiency 

ODL 1,8-octanediol   

 
  



 

 

1.  Introduction 

As the global energy landscape continues to shift from fossil fuels to renewable energy, 

the share of intermittent renewable sources, such as solar power, is steadily increasing [1-2]. In 

this context, latent heat storage systems (LHS) based on PCMs have garnered significant 

attention due to their ability to store and release substantial amounts of heat at nearly constant 

temperatures. Compared to sensible heat storage, latent heat storage offers several advantages, 

including higher energy density and near-isothermal energy storage and release and improved 

energy efficiency, making it particularly suitable for applications in building energy efficiency, 

industrial waste heat recovery, and solar thermal energy utilization [3-5]. 

PCMs, as the key functional components of LHS, operate by absorbing or releasing 

substantial amounts of thermal energy during phase change processes (e.g., solid-liquid phase 

changes), thereby enabling efficient thermal energy storage and release. PCMs are broadly 

classified into organic and inorganic types. Among these, organic PCMs, including paraffin 

waxes, fatty alcohols, and fatty acids, have attracted considerable interest for LHS applications 

owing to their substantial latent heat, low supercooling tendency, and superior long-term 

cycling stability. However, paraffin wax-based PCMs are by-products of the petrochemical 

industry, making them non-renewable and potentially environmentally harmful during 

production [6]. In contrast, fatty alcohols and fatty acids are bio-based and renewable PCMs 

derived from biological sources, and are considered more environmentally friendly [7]. 

Despite the aforementioned advantages of bio-based PCMs, they face the challenge of 

having a fixed phase change temperature. The use of eutectic mixtures, which are combinations 

of two or more substances with different melting points to form a mixture with a single melting 

point, can effectively broaden the operational temperature range of phase change materials [8]. 

For instance, Ke [9] prepared binary and multi-component EPCMs using various fatty acids, 

resulting in a series of EPCMs with a temperature range of 14–53 ℃ and latent heat values 

ranging from approximately 130 to 200 kJ/kg, thus extending the application temperature range 

of fatty acid-based PCMs. However, some EPCMs obtained in the temperature range of 14–

30 ℃ exhibited latent heat values lower than 150 kJ/kg. Rohitash [10] addressed the issue of 

low latent heat in fatty acid eutectic mixtures by selecting dodecanol to form eutectics with 



 

 

lauric acid, myristic acid and palmitic acid. The three resulting EPCMs had melting points 

between 15–20 ℃ and latent heats around 185 kJ/kg. Li [11] developed EPCMs from 

dodecanol-hexadecanol/octadecanol mixtures for low-temperature solar energy applications. 

The prepared EPCMs had melting points of 19.6 ℃ and 21.4 ℃, with latent heats of 193.7 

kJ/kg and 206.4 kJ/kg, respectively. In addition to fatty alcohol-based EPCMs, saturated diol-

based EPCMs have also gained attention owing to their high latent heat. For example, Shen [12] 

synthesized a stearic acid-1,10-decanediol PCM with a melting temperature of 56.5 ℃ and a 

latent heat of 247.6 kJ/kg. Fu [13] developed a 1,10-decanediol-paraffin PCM, which exhibited 

a melting temperature of 63.8 ℃ and a high latent heat of 229.1 kJ/kg. These results 

demonstrate that fatty alcohol-based and diol-based EPCMs offer clear advantages in latent heat 

compared to other EPCMs in the same temperature range. These studies underscore the 

significant latent heat advantages of fatty alcohol-based and diol-based EPCMs within 

comparable temperature ranges. This superiority is primarily due to the higher phase change 

enthalpy of fatty alcohols compared to fatty acids and other bio-based PCMs [7]. Moreover, 

fatty acids tend to be more corrosive than fatty alcohols [14]. Despite these benefits, recent 

research on bio-based EPCMs has remained heavily concentrated on fatty acid–fatty acid and 

fatty acid–fatty alcohol systems. For instance, Rimsha [15] and Zhen [16] separately 

investigated fatty acid-based EPCMs, both of which exhibited relatively low phase change 

enthalpies (<200 kJ/kg). In contrast, research on alcohol–alcohol EPCMs remain notably 

limited [8, 11]. Given the inherently high latent heat of pure fatty alcohols, alcohol–alcohol 

eutectics represent a promising strategy for developing PCMs with enhanced latent heat. 

EPCMs can broaden the phase change temperature interval of conventional PCMs. 

However, the inherent challenges of PCMs, including leakage, low thermal conductivity and 

limited photothermal conversion efficiency in solar thermal storage applications, remain 

unresolved. Several strategies have been proposed to tackle these issues, such as the 

incorporation of thermally conductive fillers [17-18], porous encapsulation [13, 19-20], and 

micro-nano encapsulation [21-22]. Among these, porous encapsulation has attracted significant 

attention due to its cost-effectiveness [23]. Various porous materials have been developed for 

this purpose, including carbon-based porous media, porous ceramics, and metal foams [24]. 



 

 

Notably, expanded graphite stands out due to its abundant porous adsorption sites, extremely 

high thermal conductivity, low cost, easy availability, and inherent oleophilic properties [25], 

making it an ideal candidate for encapsulating organic phase change materials. For instance, 

Chopra [26] encapsulated stearic acid with EG, resulting in a composite phase change material 

(CPCM) containing up to 90 wt% PCM. Compared with pristine stearic acid, the prepared 

composite demonstrated a substantially enhanced thermal conductivity, achieving an increase 

of approximately 345%. This improvement in heat transfer performance contributed to a 

noticeable reduction in both thermal charging and discharging durations, with the heat storage 

process shortened by about 11–17% and the heat release period reduced by roughly 17–26%. 

These results strongly demonstrate potential of EG as a porous medium for enhancing PCM 

performance. 

In solar thermal energy storage applications, photothermal conversion efficiency reflects 

how effectively a CPCM harnesses solar energy. To enhance this performance, various 

photothermal agents have been investigated, including carbon-based materials (e.g., carbon 

nanotubes, graphene oxide) [27-28], metal and metal compound nanoparticles [29-30], and 

organic polymers (e.g., polyaniline, polydopamine) [1, 19, 31]. However, these materials often 

suffer from drawbacks such as high production costs, which hinder their widespread adoption 

in photothermal energy storage systems. 

In contrast, Prussian blue, a cost-effective and commercially available inorganic dye, 

offers several compelling advantages [32]. PB exhibits robust structural stability and strong, 

tunable light absorption, particularly in the near-infrared (NIR) region. Its molar extinction 

coefficient in the NIR range rivals that of gold nanoparticles and surpasses that of carbon 

nanotubes by a significant margin [33]. Leveraging this property, PB can be strategically 

coupled with materials that absorb strongly in other regions of the solar spectrum. This 

complementary light-harvesting approach broadens overall solar absorption and substantially 

enhances the photothermal performance of the resulting composite [34]. The efficacy of this 

strategy has been demonstrated in various applications. For instance, Cheng [34] synthesized 

PB in situ on carbonized wood for solar-driven interfacial evaporation, markedly enhancing 

light absorption and seawater desalination rates. Similarly, Qiu [35] developed a two-



 

 

dimensional solar evaporator by integrating PB with polypyrrole, achieving comparable gains 

in solar-to-thermal conversion efficiency. Maximizing solar-thermal utilization efficiency is 

critical for enhancing the photothermal performance of composite materials [36]. Recent 

studies further validate superiority of PB. Achilley et al. [37] demonstrated that PB-containing 

composites outperform polymeric photothermal materials, while Han et al. [38] highlighted the 

superior photothermal heating capability of PB. 

Although PB is currently well-established in biomedical applications, particularly in 

cancer photothermal therapy, owing to its excellent biocompatibility and strong NIR absorption 

[39], its potential in solar thermal energy storage remains comparatively underexplored. Given 

its favorable optical, economic, and stability properties, PB represents a promising and 

underutilized candidate for next-generation photothermal energy storage materials. 

Building on the above discussion, this work combines hexadecanol, a bio-based PCM with 

high latent heat and non-corrosive properties, with three diols: 1,8-octanediol (ODL), 1,10-

decanediol (DDL), and 1,12-dodecanediol (DDD), to formulate novel EPCMs. These diols are 

known for their high latent heat and suitability as PCM components [40]. The eutectic 

compositions were optimized through an integrated approach combining theoretical 

calculations and experimental validation, leading to the selection of an optimal EPCM. This 

strategy preserves its high latent heat over other PCMs operating in the same phase change 

temperature range, underscoring its promise for low-temperature solar thermal energy storage. 

Moreover, the bio-based composition of these EPCMs aligns with the goals of low-carbon and 

sustainable development. 

Subsequently, EG was employed as both a porous scaffold and a thermally conductive 

filler to encapsulate the optimized EPCM, yielding a CPCM. A vacuum impregnation method 

was used to maximize EPCM loading, and PB was added to the composite to further enhance 

its photothermal conversion efficiency. UV-Vis-NIR spectrophotometric analysis confirmed 

that PB incorporation dramatically improved the absorbance of CPCM across the solar 

spectrum. The resulting CPCM was comprehensively characterized using differential scanning 

calorimetry (DSC), microstructural imaging, chemical compatibility tests, thermal cycling 

stability assessments, and photothermal performance evaluations. The results demonstrate that 



 

 

the CPCM features a straightforward fabrication process, environmental benignity, excellent 

thermal properties, and superior solar absorption, collectively positioning it as a highly 

promising candidate for solar thermal energy storage applications. 

2.  Materials and methods 

2.1 Materials 

Hexadecanol (CH3(CH2)14CH2OH, 98%), 1,8-octanediol (HO(CH2)8OH, 98%), 1,10-

decanediol (HO(CH2)10OH, 98%), and 1,12-dodecanediol (HO(CH2)12OH, 98%) were 

purchased from Shanghai McLean Biochemical Technology Co., Ltd. Expanded graphite (mesh 

size: 10, fixed carbon content: 99%) was obtained from Nanjing Greifan Carbon Materials Co., 

Ltd. Prussian blue (Fe4[Fe(CN)6]3, biological dye) was sourced from Aladdin Biochemical 

Technology Co., Ltd. 

2.2 Calculation of theoretical eutectic point 

The phase change characteristics of the eutectic system comply with the second law of 

thermodynamics as well as phase equilibrium theory [8]. For alkanes, fatty alcohols, and fatty 

acids, the saturated liquid-phase boundary of the eutectic system can be described using the 

simplified Schroeder equation [8, 10-11]. This equation is then employed to construct the binary 

eutectic phase diagram and identify the optimal eutectic composition. 

 𝑇𝑇m = 𝐻𝐻𝑖𝑖𝑇𝑇𝑖𝑖 (𝐻𝐻𝑖𝑖 − 𝑇𝑇𝑖𝑖𝑅𝑅𝑅𝑅𝑛𝑛𝑋𝑋𝑖𝑖)⁄ , (𝑖𝑖 = A, B) (1) 

where 𝑇𝑇m represents the minimum eutectic temperature (K) of the binary eutectic system, 𝑇𝑇𝑖𝑖 

is the melting temperature (K) of the 𝑖𝑖 -th substance, 𝑅𝑅  is the molar gas constant (8.314 

J/(mol·K)), 𝑋𝑋𝑖𝑖 is the mole fraction of the 𝑖𝑖-th substance (𝑋𝑋A + 𝑋𝑋B = 1), and 𝐻𝐻𝑖𝑖 is the molar 

heat of fusion (J/mol) of the 𝑖𝑖-th substance. 

2.3 Preparation of hexadecanol-saturated diol EPCMs 

The EPCMs composed of hexadecanol and three types of saturated diols were prepared 

using the melt blending method. Specifically, multiple batches of binary mixtures of 

hexadecanol and saturated diols, with varying mass ratios, were accurately weighed using an 

analytical balance and placed in separate beakers. These beakers were then immersed in a water 

bath magnetic stirrer for heating. Once the components had completely melted into a 



 

 

homogeneous liquid phase, they were stirred at 400 rpm for 30 minutes to ensure uniform 

mixing. The water bath temperatures for preparing HD-ODL, HD-DDL, and HD-DDD EPCMs 

were set at 65 ℃, 75 ℃, and 85 ℃, respectively. After complete melting and mixing, the 

mixtures were allowed to crystallize naturally at room temperature. Finally, the solidified 

products were collected and finely ground using a mortar and pestle, resulting in the formation 

of binary EPCMs with varying mass proportions. 

2.4 Preparation of HD-DDD CPCMs 

A vacuum impregnation technique was employed to synthesize CPCMs. Initially, the 

synthesized HD–DDD was immersed in a magnetic stirring water bath maintained at 70 °C and 

heated until it completely melted. A specific amount of EG was then introduced into the mixture, 

which was stirred manually for 10 minutes to ensure uniform dispersion. To eliminate entrapped 

air within the EG pores and ensure complete PCM infiltration, the mixture was subsequently 

transferred to a vacuum oven and maintained at 70 ℃ for 6 h under a vacuum of 0.08–0.1 MPa 

[41, 42]. This pressure reduction effectively evacuates gas from the porous network and drives 

the liquid PCM into the micropores of the EG, thereby ensuring uniform loading and strong 

capillary confinement. For the preparation of PB-doped CPCMs, PB was first dispersed into 

the PCM by stirring at 400 rpm for 10 minutes, followed by the addition of EG. The 

formulations of different sample groups are presented in Table 1. The first five groups were 

designed to determine the optimal EG content, while the last three groups were PB-doped 

samples. The contents of each component were subsequently optimized through subsequent 

experiments. 

  



 

 

Table 1. Sample group names and their formulations. 

Sample number Sample name EPCM (g) EG (g) PB (g) 
EPCM:EG:PB 

(mass ratio) 

1 EG8 10 0.8 0 100:8:0 

2 EG10 10 1.0 0 100:10:0 

3 EG12 10 1.2 0 100:12:0 

4 EG14 10 1.4 0 100:14:0 

5 EG16 10 1.6 0 100:16:0 

6 EG14PB5 10 1.4 0.5 100:14:5 

7 EG14PB10 10 1.4 1.0 100:14:10 

8 EG14PB15 10 1.4 1.5 100:14:15 

 

2.5 Characterization 

The phase change characteristics were measured using a differential scanning calorimeter 

(DSC3+, Mettler Toledo), with a heating and cooling rate of 10 ℃/min over the temperature 

range of 10–100 ℃, under a nitrogen flow of 50 ml/min to ensure precise temperature control. 

The phase change temperature was obtained by determining the intersection point between the 

tangent drawn at the steepest slope of the primary DSC peak and the extrapolated baseline. The 

degree of supercooling was defined as the difference between the melting and freezing 

temperatures.  

The chemical functional groups of the samples were characterized using a Fourier-

transform infrared spectrometer (FTIR, Nicolet 6700, Thermo Fisher Scientific) in the 

wavenumber range of 400–4000 cm-1. The crystal structure was analyzed using an X-ray 

diffractometer (XRD, Ultima IV X, Rigaku Corporation) with a scanning rate of 10 °/min in 

the 2θ range of 10° to 60°. The morphology of the samples was characterized using a high-

resolution field-emission scanning electron microscope (SEM, Apreo 2S HiVac, Thermo Fisher 

Scientific), with gold coating applied prior to imaging. Energy-dispersive X-ray spectroscopy 

(EDS) was employed to analyze the distribution of iron elements on the surface of PB-

containing samples.  



 

 

Thermal conductivity was measured at room temperature using a thermal constant 

analyzer (HotDisk, TPS500S, Hot Disk AB) employing the transient plane source method. 

Thermal stability was assessed using a thermogravimetric analyzer (TGA, SDT Q600, TA 

Instruments-Waters LLC) in a nitrogen atmosphere (100 ml/min) within the temperature range 

of 25–600 ℃. High and low-temperature cycling tests were conducted using a Bell Instruments 

thermal cycling chamber (BTH-80B) in the temperature range of 20–70 ℃, with up to 300 

freeze-thaw cycles. The cycling stability of the samples was determined via DSC. The optical 

absorption properties of the samples were characterized in the 250–2500 nm range using a UV–

Vis–NIR spectrophotometer (UV-3600 Plus, Shimadzu).  

The photothermal conversion properties were evaluated using a CME-SL500 solar light 

simulator at an irradiance of 1000 W/m2, coupled with a T-type thermocouple and a KEYSIGHT 

DAQ970A data acquisition instrument. The instrument accuracies are provided in Table 2. 

Table 2. Instrument accuracy. 

Instrument Parameter Unit Accuracy 

DSC Enthalpy kJ/kg ±3% 

Hot Disk Thermal conductivity W/(m·K) ±5% 

BTH-80B chamber Temperature ℃ ±0.5 ℃ 

TGA Mass mg ±0.001% 

T-type thermocouple Temperature ℃ ±0.8 ℃ 

UV-Vis-NIR Wavelength nm 
UV-Vis: ±0.2 nm 

NIR: ±0.8 nm 

Data acquisition system Time s 
Accuracy: 1 ms 

Resolution: 1 s 

Analytical balance Mass g 0.001 g 

Radiometer Irradiance W/m2 ±5% 

Vernier caliper Length mm 0.01 mm 

 



 

 

3.  Results and discussion 

3.1 Determination of the optimal eutectic point for binary eutectic mixtures 

EPCM refers to a binary or multi-component mixture that is co-melted and exhibits high 

latent heat at the optimal eutectic point. The optimal eutectic point of the EPCM is determined 

through a combination of theoretical calculations and experimental methods. Initially, the 

binary eutectic phase diagrams of HD with ODL, DDL, and DDD were plotted using Equation 

(1). The DSC curves of the four PCMs and the calculated parameters are presented in Fig. 1(a) 

and Table 3, with the calculation results shown in Figs. 1(b) to (d). As shown in Fig. 1(a), the 

solidification curve of pure HD displays a distinct double peak, primarily due to the successive 

liquid-to-solid and solid-to-solid phase changes during HD solidification, with the solid-to-solid 

transition corresponding to a polymorphic transformation of HD [43]. By solving the 

intersection points of the saturation liquid phase lines for each binary pair, the molar fractions 

of HD at the theoretical eutectic points were determined to be 0.5390, 0.7119, and 0.8284, 

corresponding to mass percentages of 65.97%, 77.47%, and 85.27%, respectively.  

 
Fig. 1. (a) DSC curves of the PCMs, and predicted phase diagrams: (b) HD-ODL, (c) HD-DDL, (d) HD-

DDD. 



 

 

Table 3. Calculation parameters for the saturated liquid line. 

PCM Molecular weight Tm (K) Hm (kJ/kg) Hm (J/mol) 

HD 242.44 322.5 218.7 53021.6 

ODL 146.23 331.7 240.2 35124.4 

DDL 174.28 343.9 241.3 42053.8 

DDD 202.33 352.3 248.7 50258.8 

To further confirm the actual eutectic points of the three EPCMs, six different eutectic 

compositions near their theoretical eutectic points were prepared and tested by DSC. Figs. 2(a) 

to (f) present the DSC curves. All three EPCMs exhibited a single melting peak near their 

theoretical eutectic points, indicating an excellent compatibility between the saturated diols and 

HD. Notably, Figs. 2(b) and (c) illustrate that in the binary mixtures of HD with DDL and DDD, 

as the mass fraction of HD decreases, the solidification peaks of the binary mixtures 

progressively converge to a single peak, reflecting consistent crystallization behavior in the 

mixtures. 

 
Fig. 2. DSC solidification curves at different eutectic ratios: (a) HD-ODL, (b) HD-DDL, (c) HD-DDD, and 

melting curves: (d) HD-ODL, (e) HD-DDL, (f) HD-DDD. 

Three distinct EPCM systems, selected based on their high latent heat and low 

supercooling, are presented in Table 4. The experimentally determined mass fractions of HD at 

the eutectic points for the these three EPCMs were 70%, 70%, and 85%, respectively. These 



 

 

values deviate from the theoretical predictions calculated using Equation (1) (65.97%, 77.47%, 

and 85.27%) by 4.03%, 7.47%, and 0.27%, respectively. These discrepancies can be primarily 

attributed to two factors. First, Equation (1) is derived from an ideal solution model that 

assumes zero excess enthalpy [8]. However real binary systems often exhibit non-ideal behavior 

due intermolecular interactions. Second, inherent experimental uncertainties associated with 

DSC measurements, such as baseline determination and heating rate effects, may contribute to 

minor variations in the identified eutectic composition. Despite these minor deviations, 

Equation (1) remains a reliable theoretical tool for predicting eutectic compositions, providing 

a preliminary basis for experimental design and significantly reducing the experiments required 

to identify optimal formulations [44]. 

Table 4. Optimal eutectic ratios of three EPCMs and comparison with literature. 

PCM Hm (kJ/kg) Hf (kJ/kg) Tm (℃) Tf (℃) ΔTs (℃) Refs. 

LA 175.8 NA 44 NA NA [46] 

MA:SA = 64:36 182.4 NA 44.1 NA NA [47] 

MA:PA = 66.92:33.08 183.1 185.6 45.36 43.80 1.56 [9] 

MA:SA = 66.92:33.08 180.6 177.3 46.41 42.09 4.32 [9] 

MA:PW = 62:38 171.42 174.56 41.99 38.56 3.43 [48] 

LA:HD = 60.17:39.83 200 NA 47.6 41.8 5.8 [49] 

HD:ODL = 70:30 213.9 209.2 43.5 40.5 3 Present 

HD:DDL = 70:30 214.8 212.9 44.0 42.7 1.3 Present 

HD:DDD = 85:15 223.8 220.3 44.0 43.7 0.3 Present 

All three EPCMs exhibited suitable melting points and latent heat advantages compared 

to other bio-based PCMs in the same temperature range, underscoring their potential for 

applications in low-temperature solar thermal energy utilization. Notably, the EPCM with a 

composition of HD:DDD = 85:15 demonstrated the highest latent heat and lowest supercooling, 

making it the optimal candidate for further study. 

In addition, the thermal expansion coefficient (α) of the optimal EPCM was examined 

using Equation (2)[45]. 

 𝛼𝛼 = (𝑉𝑉2 − 𝑉𝑉1) [𝑉𝑉1(𝑇𝑇2 − 𝑇𝑇1)]⁄  (2) 



 

 

where V1 and V2 are the volumes of the EPCM at temperatures T1 and T2, respectively. 

Specifically, the thermal expansion coefficient of the EPCM was estimated by measuring its 

volume in the solid state at T1 = 20 ℃ and in the liquid state at T2 = 80 ℃. The calculated α 

value was 2.79×10-3 ℃-1, which aligns well with values reported for bio-based EPCMs in the 

literature [45]. 

3.2 Chemical composition and crystal structure of EPCM 

FTIR and XRD analyses were conducted to investigate the chemical composition and 

crystal structure of the HD-DDD, as presented in Fig. 3. As shown in the FTIR spectra, both 

HD and DDD exhibit a broad and intense absorption band centered at approximately 3300 cm-

1, which is attributed to the O–H stretching vibration of alcohol groups. The absorption bands 

at 2929 and 2842 cm-1 are assigned to the asymmetric and symmetric stretching vibrations of 

CH2 groups, respectively. In addition, the bands observed at 1461 and 725 cm-1 are associated 

with the in-plane and out-of-plane deformation vibrations of the O–H group in alcohols. The 

peak at 1058 cm-1 is attributed to the C-O stretching vibration [43]. These characteristic peaks 

are also present in the FTIR spectrum of HD-DDD, indicating that the eutectic mixture of HD 

and DDD is merely a physical blend, without any chemical transformations occurring. XRD 

analysis was further employed to examine the crystal structure of HD-DDD, revealing three 

main diffraction peaks at 2θ = 22.0°, 23.1°, and 24.9°, which correspond to the strong diffraction 

peaks of HD and DDD. This suggests that the eutectic process does not alter the crystal structure 

of the individual components, preserving their structural integrity. 

 
Fig. 3. (a) FTIR spectra and (b) XRD patterns of HD, DDD, HD-DDD. 



 

 

3.3 Leakage tests and micromorphology of CPCMs 

Pure PCMs are prone to leakage during application, which can compromise their thermal 

storage performance. To address this issue, a shape-stable CPCM was prepared by incorporating 

EG into the pure phase change material HD-DDD. Shape stability is essential for preventing 

liquid-phase leakage and ensuring the retention of high thermal storage and release capacity 

during use. Fig. 4 presents the microscopic morphology of EG, EG14, and EG14PB10, 

respectively. As observed, EG exhibits a worm-like morphology with internally layered 

micropores, which provide adequate capillary forces for the adsorption of liquid PCM. In both 

EG14 and EG14PB10, the micropores of EG are fully infiltrated with PCM. Furthermore, iron 

element mapping images confirm that PB was successfully coated onto the EG14PB10 sample. 

In addition, EDS mapping was performed on the three samples with varying PB contents. As 

shown in Figs. 5(d)–(f), the Fe signal is uniformly distributed across the entire scanned region 

in all cases, with no evidence of Fe-rich domains or large-scale agglomerates. These results 

confirm PB remains well dispersed within the EG scaffold across different loadings, without 

significant macroscopic agglomeration. 

 
Fig. 4. SEM images of (a) EG, (b) EG14, (c) EG14PB10 and iron elemental mapping images of (d) 

EG14PB5, (e) EG14PB10, (f) EG14PB15. 



 

 

Increasing the EG content enhances the adsorption capacity of the PCM. However, 

excessive EG content significantly reduces the latent heat of the CPCM. Therefore, an anti-

leakage experiment was conducted to optimize the EG content, ensuring that the CPCM retains 

high latent heat while maintaining good shape stability. In this experiment, the prepared CPCM 

was compressed into cylindrical samples and subjected to continuous heating at 70 ℃ for 24 h. 

The optimal EG content was determined by observing the traces of PCM left on filter paper and 

measuring the mass loss ratio, which was calculated using Equation (3). 

 𝑀𝑀𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = [(𝑚𝑚1 −𝑚𝑚2) 𝑚𝑚1⁄ ] × 100% (3) 

where 𝑚𝑚1  is the initial mass, 𝑚𝑚2  is the mass after heating, and 𝑀𝑀𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  is the mass loss 

percentage. The results of the anti-leakage experiment are presented in Fig. 5(a). After 30 

minutes of heating, PCM leakage was observed in sample EG8-12, while no significant leakage 

was detected in samples EG14, EG16, and EG14PB10. The mass loss ratios for the six sample 

groups presented in Fig. 5(b) were 3.44%, 1.36%, 0.83%, 0.26%, 0.25%, and 0.10%, 

respectively. Both experiments indicate that when the mass ratio of EG to EPCM is 100:14, the 

CPCM does not experience leakage during the phase change process. Moreover, the mass loss 

rate for the PB-doped sample with 1.4 g of EG was further reduced, possibly attributed to the 

inherent pore structure of PB [50], which further enhances the anti-leakage performance. After 

24 h of continuous heating, visual inspection of the filter papers beneath the samples revealed 

significant differences in leakage behavior. The filter papers under EG8 and EG10 were almost 

completely saturated with leaked PCM, indicating poor shape stability. In contrast, no visible 

liquid leakage was observed for EG14, EG16, or EG14PB10. These observations were 

corroborated by quantitative mass loss measurements, which yielded values of 6.19%, 2.19%, 

0.90%, 0.29%, 0.27%, and 0.28% for the respective samples (e.g., EG8, EG10, EG12, EG14, 

EG16, EG14PB10]. Notably, both samples EG14 and EG14PB10 exhibited negligible mass 

loss (<0.3%), demonstrating excellent leakage resistance under high temperature conditions. 



 

 

 
Fig. 5. Comparative analysis of the samples: (a) visual appearance before and after heating, (b) percentage 

mass loss post-heating. 

Furthermore, the mass loss ratios of EG14, EG16, and EG14PB10 increased only 

marginally after 24 h of heating compared to 30 min, indicating that PCM adsorption by EG 

had reached saturation. This confirms the long-term shape stability of the samples. 

3.4 Light absorption characteristics of CPCMs 

Photothermal PCMs convert light into heat by absorbing solar radiation, thereby driving 

the phase change process for thermal energy storage. Their performance is predominantly 

governed by their ability to harvest the solar spectrum [19]. The UV-Vis-NIR absorption spectra 

of HD-DDD, EG14, EG14PB5, EG14PB10, and EG14PB15 are shown in Fig. 6. Pure HD-

DDD, a eutectic PCM, exhibits negligible absorption across the entire solar spectrum, 



 

 

confirming that unmodified PCMs are inherently unsuitable for direct solar thermal applications. 

 
Fig. 6. UV–Vis-NIR absorption spectrum of CPCMs. 

The incorporation of EG significantly enhances light absorption across the 250–2500 nm 

range, with the most pronounced improvements occurring in the visible and NIR regions. This 

enhancement stems from loosely bound π-electron structure of EG, which is readily excited by 

a wide range of photon energies and efficiently dissipates the excess energy as heat, enabling 

effective photothermal conversion [33].  

The incorporation of PB further increases absorption across the entire solar spectrum 

through the synergistic interaction between EG and PB. Notably, PB-containing composites 

show the greatest absorption enhancement in the 380–1000 nm range, the most energy-rich 

portion of sunlight, compared to EG14 alone. Specifically, the average absorption increases in 

this region are 10.4–15.2% for EG14PB5, 25.4–33.5% for EG14PB10, and 28.0–33.9% for 

EG14PB15. This improvement is attributed to ligand-to-metal charge transfer transitions 

between Fe2+ and Fe3+ ions in PB, which are particularly active within this wavelength window 

[51]. These findings corroborate that PB, with its strong NIR absorption, effectively 

complements the broad-spectrum light-harvesting capability of carbon-based materials such as 

EG [34]. Compared with EG14PB5, EG14PB10 exhibited a significantly enhanced absorbance, 

which is attributed to the increased density of light-absorbing sites from the increased PB 



 

 

loading. However, at a mass ratio of EPCM:EG:PB = 100:14:15 (i.e., EG14PB15), no further 

increase in absorbance was observed, despite the maintained uniform PB dispersion. This 

phenomenon is likely due to the saturation of PB within the composite, which limits additional 

gains in light harvesting. 

Overall, the EG-PB hybrid architecture demonstrates substantially enhanced solar 

absorption, highlighting its strong potential for solar thermal energy storage. Although 

EG14PB15 achieves slightly higher absorbance than EG14PB10, the improvement is marginal. 

Moreover, since PB itself does not undergo a phase change, excessive PB loading reduces the 

mass fraction of the PCM, thereby compromising the latent heat of the composite. Consequently, 

EG14PB10 was selected for subsequent studies, as it offers an optimal balance between high 

solar absorption and high latent heat storage capacity. 

3.5 Chemical composition and crystal structure of CPCMs 

FTIR and XRD analyses were conducted to evaluate the chemical composition and crystal 

structure of the CPCMs, with the results presented in Fig. 7. In the FTIR spectrum of EG, a 

broad peak at 3300 cm-1 and a characteristic peak at 1632 cm-1 correspond to the stretching 

vibrations of O-H and C-O, respectively [13]. For PB, the stretching vibration peaks of the C≡N 

bond and the Fe2+-CN-Fe3+ groups were observed at 2096 cm-1 and 499 cm-1, respectively [35]. 

Notably, the FTIR spectra of EG14 and EG14PB10 reflect combinations of the spectra of the 

individual components, with a decrease in peak intensity, indicating a reduction in the content 

of the corresponding materials. Therefore, these results suggest that the preparation of CPCMs 

is a purely physical process, with no chemical reactions occurring. 

XRD analysis was further employed to investigate the crystal structure of the CPCMs. In 

both composite materials, the characteristic peak (002) of EG at 2θ = 26.6° and the 

characteristic peaks of HD-DDD at 2θ = 22.0°, 23.1°, and 24.9° were observed. Additionally, 

four distinct diffraction peaks of PB at 2θ = 17.4°, 24.7°, 35.6°, and 39.5° were detected, with 

corresponding peaks also presented in the diffraction pattern of the EG14PB10 sample. These 

XRD results confirm that the addition of EG and PB does not alter the crystal integrity of HD-

DDD, further supporting the conclusion that the preparation of CPCMs involves only physical 

mixing, consistent with the FTIR analysis. 



 

 

 
Fig. 7. (a) FTIR spectra and (b) XRD patterns of HD-DDD, EG, PB, EG14, EG14PB10. 

3.6 Phase change behavior and thermal conductivity of CPCMs 

As a fundamental thermophysical property, thermal conductivity plays a decisive role in 

controlling heat transfer processes in PCMs, which is crucial for their performance in thermal 

energy storage systems. As presented in Fig. 8(a), the pristine phase change material, HD-DDD, 

exhibits inherently poor heat transport capability, with a measured thermal conductivity of only 

0.39 W/(m·K), making it unsuitable for practical applications. By contrast, the incorporation of 

EG resulted in a pronounced enhancement in the thermal conductivity of the CPCMs, which 

increased to 6.10, 8.26, 8.94, and 9.75 W/(m·K) with increasing EG loading. Among them, the 

thermal conductivity of EG14 is 25.0 times higher than that of HD-DDD. This significant 

enhancement is attributed to the formation of a three-dimensional heat conduction network 

upon EG addition [52], which enables rapid heat transfer. Furthermore, the thermal conductivity 

of EG14PB10 attains 9.62 W/(m·K), approximately 24.7 times that of HD-DDD, indicating 

that the addition of 1.0 g of PB does not disrupt the heat conduction network established by EG. 

 

Fig. 8. (a) Thermal conductivity of CPCMs and (b) DSC curves of EG14 and EG14PB10. 



 

 

DSC was employed to characterize the phase change behavior of EG14 and EG14PB10. 

Based on the DSC curves, the melting temperatures of the two materials were identified as 46.2 ℃ 

and 46.3 ℃, respectively, with corresponding melting enthalpies of 191.3 kJ/kg and 180.6 kJ/kg. 

The freezing points were 47.0 ℃ and 46.9 ℃, with freezing enthalpies of 198.4 kJ/kg and 177.4 

kJ/kg, respectively. Since EG and PB do not undergo phase changes within the DSC test 

temperature range, the enthalpy deviation of the CPCMs from the theoretical enthalpy can be 

calculated using Equation (4). 

 𝛿𝛿 = |(𝜔𝜔𝐻𝐻PCM − 𝐻𝐻m) (𝜔𝜔𝐻𝐻PCM)⁄ | × 100% (4) 

where 𝛿𝛿 represents the enthalpy percentage deviation, 𝐻𝐻m is the measured enthalpy of the 

CPCM, 𝐻𝐻PCM is the enthalpy of the original PCM, and 𝜔𝜔 is the mass fraction of PCM in the 

CPCM. The calculated deviations of the melting enthalpy for EG14 and EG14PB10 from the 

theoretical values were 2.55% and 0.05%, respectively, indicating that the vacuum 

impregnation method effectively maximizes PCM adsorption and ensures its uniform 

distribution. Notably, after the addition of EG, the freezing peak of the CPCM exhibited a 

double peak, and the melting point showed a slight shift compared to HD-DDD. This behavior 

is primarily ascribed to the porous architecture of EG, which imposes a confinement effect on 

the PCM. The structure limits the volume expansion of the PCM during phase changes, creating 

increased pressure within the pores and influencing the thermodynamic behavior of the material 

[20]. Nevertheless, the melting peaks of both EG14 and EG14PB10 remain as single peaks, 

confirming that their eutectic structure is preserved. 

3.7 Thermal stability and cycling stability of CPCMs 

Thermal stability testing is essential for determining the safe operating temperature range 

of CPCMs, providing critical data for their practical application. The thermal stability of the 

materials was assessed using TGA. The TGA curves for HD-DDD, EG14, and EG14PB10 are 

presented in Fig. 9. The starting thermal decomposition temperature is defined as the 

temperature at which a 5% mass loss occurs [53]. The starting thermal decomposition 

temperature of HD-DDD is 204.4 ℃, while both EG14 and EG14PB10 exhibit a higher starting 

thermal decomposition temperature of 220.9 ℃, which is 16.5 ℃ higher than that of HD-DDD. 

This enhancement suggests that the porous encapsulation provided by EG effectively retards 



 

 

the thermal degradation of the PCM. Notably, both EG14 and EG14PB10 retain some residual 

mass at 600 ℃, which is primarily due to the fact that EG does not undergo thermal 

decomposition at this temperature in a nitrogen atmosphere [13]. Additionally, a minor mass 

loss between approximately 300–450 ℃ in EG14PB10 is attributed to the release of cyano 

groups from PB [54]. Overall, the thermal decomposition temperatures of EG14 and 

EG14PB10 are significantly higher than the operational temperature range of the PCMs, 

confirming their excellent thermal stability. 

 
Fig. 9. TGA curves of HD-DDD, EG14 and EG14PB10. 

Cyclic stability is critical for ensuring the long-term performance of PCMs. The heat 

absorption and release curves of EG14 and EG14PB10 after 150 and 300 thermal cycles were 

obtained using DSC, as shown in Figs. 10(a) and (b). The DSC curves after thermal cycling are 

nearly identical to those obtained before cycling, indicating that the phase change behavior of 

both CPCMs remains unchanged. After 150 cycles, the melting enthalpy of EG14 and 

EG14PB10 slightly increased, likely due to experimental uncertainty. After 300 cycles, the 

melting enthalpies of the two CPCMs decreased by only 1.4% and 3.0%, respectively, 

compared to the pre-cycled values. Furthermore, as shown in Table 5, the incorporation of EG 

significantly reduces the supercooling degree (ΔTs) compared to pristine HD–DDD (0.3 ℃). 

This reduction can be attributed to the abundant layered porous structure of EG, which provides 

numerous heterogeneous nucleation sites that facilitate PCM solidification [13]. Moreover, the 

supercooling degree of the CPCMs remains virtually unchanged after thermal cycling, 

suggesting that the nucleation-promoting effect of EG is robust and well-preserved throughout 

repeated phase change process. To further assess the structural integrity, the chemical 



 

 

composition and crystal structure of EG14 and EG14PB10 before and after 300 cycles were 

analyzed using FTIR and XRD, as presented in Figs. 10(c) and (d). The results show no 

significant changes in the FTIR and XRD spectra, with no shifts or alterations in the peak shapes 

before and after cycling. The results confirm that no significant changes occur in the chemical 

composition or crystalline structure of EG14 and EG14PB10 after 300 thermal cycles, 

highlighting the excellent thermal cycling stability of both CPCMs. 

 

Fig. 10. DSC curves of (a) EG14 and (b) EG14PB10 before and after 300 cycles, (c) FTIR spectra and (d) 

XRD patterns of EG14 and EG14PB10 before and after 300 cycles. 

Table 5. Phase change properties of EG14 and EG14PB10 after 300 freeze–thaw cycles. 

Sample Cycle 
Hm 

(kJ/kg) 

Change 

in Hm 

Hf 

(kJ/kg) 

Change 

in Hf 

Tm 

(℃) 

Change 

in Tm 

(℃) 

Tf 

(℃) 

Change 

in Tf (℃) 

ΔTs 

(℃) 

EG14 

1 191.3 0.0% 189.4 0.0% 46.2 0.0 47.0 0.0 -0.8 

150 192.5 0.6% 192.0 1.4% 46.2 0.0 47.1 0.1 -0.9 

300 188.6 -1.4% 184.2 -2.7% 46.2 0.0 47.0 0.0 -0.8 

EG14P

B10 

1 180.6 0.0% 177.8 0.0% 46.3 0.0 46.9 0.0 -0.6 

150 181.3 0.4% 181.4 2.0% 46.2 -0.1 47.1 0.2 -0.9 



 

 

300 175.2 -3.0% 173.4 -2.5% 46.1 -0.2 47.0 0.1 -0.9 

3.8 Photothermal conversion characteristics of CPCMs 

To investigate the photothermal conversion characteristics of CPCMs under light 

conditions, the photothermal characteristics of EG14 and EG14PB10 were measured using the 

setup presented in Fig. 11(a). A xenon lamp was used as the light source, which irradiated the 

surface of the samples, while a T-type thermocouple measured the temperature of the samples. 

Data acquisition instrument recorded the temperature changes over time, and the results are 

shown in Fig. 11(b). Initially, both EG14 and EG14PB10 experienced a rapid increase in 

temperature, which then slowed, followed by a distinct plateau on the photothermal conversion 

curve. This plateau indicates that the PCM inside the CPCMs undergoes a solid-liquid phase 

change and stores thermal energy. Once the light source was switched off, a rapid temperature 

decline was observed for both samples due to the release of the stored heat. Notably, EG14PB10 

completed the phase change significantly faster than EG14 and reached a temperature of 6.3 ℃ 

higher than EG14 at the end of irradiation, demonstrating superior photothermal performance. 

Such an enhancement originates from the synergistic effect of EG and PB, which is consistent 

with the UV–Vis–NIR results. The photothermal conversion efficiency of the CPCMs was 

calculated using the formula (5) [55]. 

 𝜂𝜂 = 𝑚𝑚𝐻𝐻m [𝐼𝐼𝐼𝐼(𝑡𝑡2 − 𝑡𝑡1)]⁄  (5) 

where 𝜂𝜂  is the photothermal conversion efficiency, 𝑚𝑚  and 𝐻𝐻m  are the sample mass and 

melting enthalpy, 𝐼𝐼 is the light intensity, measured by a light power density meter, 𝑆𝑆 is the 

illuminated area, and 𝑡𝑡2 and 𝑡𝑡1 are the times corresponding to the completion and start of the 

phase change, respectively. Time intervals were recorded using a data acquisition system, while 

the illuminated area was determined from dimensions measured with a vernier caliper. The 

uncertainties associated with these parameters are summarized in Table 2. It is important to note 

that Equation (5) is specifically used to calculate the solar energy conversion efficiency during 

the phase change process for phase change energy storage. The calculated photothermal 

conversion efficiencies of EG14 and EG14PB10 are 83.4% and 93.7%, respectively. Compared 

to EG14, the photothermal conversion efficiency of EG14PB10 increased by 10.3%, while the 



 

 

latent heat decreased by only 5.6%. The superior photothermal performance arises from two 

synergistic mechanisms. First, the spectral absorption capabilities of the components are 

complementary. While EG provides broad-spectrum light absorption across the ultraviolet, 

visible, and NIR regions via its delocalized π-electron structure, PB introduces strong, selective 

absorption in the visible to NIR region (380–1000 nm). This enhanced absorption is attributed 

to ligand-to-metal charge transfer transitions between Fe2+ and Fe3+ ions within the PB 

framework [51]. Consequently, PB effectively supplements the absorption profile of EG, 

particularly in the high-energy visible region where solar irradiance is most intense. Second, 

the structural and thermal properties of the EG scaffold further enhance efficiency. The highly 

porous network of EG offers a large specific surface area, maximizing the exposure of light-

absorbing sites. Furthermore, the high thermal conductivity of EG facilitates rapid transfer of 

photogenerated heat from PB to the surrounding PCM. This efficient heat transfer minimizes 

heat loss and accelerates the phase transition process, thereby enhancing the overall 

photothermal conversion performance. 

Table 6 compares the performance of EG-based CPCMs and bio-based EPCM-based 

reported in previous studies with the results of this work. Due to the high latent heat of HD-

DDD, the high thermal conductivity of EG, and the excellent light absorption properties 

resulting from the combination of EG and PB, the EG14PB10 composite phase change material 

developed in this study demonstrates comprehensive performance advantage. Beyond the 

demonstrated thermal and photothermal performance, the practical viability of the EG14PB10 

composite is further supported by its potential for scalable manufacturing. The constituent 

materials, HD, DDD, EG, and PB, are commercially available and cost-effective [32, 56]. The 

fabrication protocol is straightforward, involving only the melt blending of the eutectic PCM 

followed by vacuum impregnation with EG and a PB dispersion. This approach avoids the need 

for specialized equipment or complex synthesis steps, ensuring compatibility with existing 

industrial production lines. Considering the favorable balance between low material cost, 

processing simplicity, and significant performance enhancements, EG14PB10 exhibits 

substantial potential for practical low-temperature solar thermal energy storage applications.



 

 

 

Fig. 11. (a) Photothermal device schematic diagram, (b) Photothermal conversion curves of EG14 and 

EG14PB10. 

Table 6. Comparison of performance between the present work and reported EG-based and bio-based 

EPCM composites. 

PCM Skeleton 
Hm 

(kJ/kg) 

Thermal conductivity 

(W/(m·K)) 

η 

(%) 
Refs. 

PW EG/BCN nanospheres 185.4 1.611 92.6 [55] 

PA EG/AgNPs 130.5 2.987 86.0 [57] 

PW EG/triazine 111.26 4.5488 86.9 [58] 

PEG EG/Cu-Zn-MOF 174.6 6.096 88.69 [59] 

PW EG/ZIF-67 159.2 0.93 95.56 [60] 

PW EG/polyolefin elastomer 142.8 1.929 93 [61] 

LA-SA 
CNTs/GO/PVA carbon 

aerogel 
141.3 1.26 87.6 [62] 

LA-MA rGCA/LMG 124.6 NA 96.5 [63] 

LA-SA Carbon-decorated diatomite 70.07 0.38 94.83 [64] 

HD-DDD EG 191.3 9.75 83.4 Present 

HD-DDD EG/PB 180.6 9.62 93.7 Present 

4.  Conclusions 

This study presents the preparation of three novel bio-based EPCMs, namely HD-ODL, 

HD-DDL, and HD-DDD, through a combination of theoretical calculations and experimental 



 

 

methods. Among these, the HD:DDD=85:15 composition exhibited the highest latent heat and 

negligible supercooling, offering a latent heat advantage over other bio-based PCMs in the same 

temperature range. The subsequent fabrication of shape-stable CPCMs via vacuum 

impregnation with EG and PB enabled a synergistic enhancement of thermal and photothermal 

properties. Based on this study, the following conclusions can be drawn: 

(1) The optimal contents of EG and PB were determined through leakage resistance tests 

and UV-Vis-NIR measurements, with the mass ratio of EPCM:EG:PB optimized to 100:14:10.  

(2) The optimized EG14PB10 composite exemplifies the benefits of this design strategy: 

the porous EG network ensures rapid heat transfer and structural stability, while the PB coating 

broadens solar absorption, achieving exceptional photothermal conversion efficiency without 

significantly compromising latent heat. EG14PB10 exhibits a melting point of 46.3 ℃, a high 

latent heat of 180.6 kJ/kg, a significantly enhanced thermal conductivity of 9.62 W/(m·K) (24.7 

times that of HD-DDD), and an elevated thermal decomposition temperature of 220.9 ℃, 

demonstrating its superior heat storage capability in various applications. EG14PB10 maintains 

its phase change behavior, chemical composition, and crystal structure after 300 thermal cycles, 

with only a 3.0% reduction in latent heat, demonstrating outstanding thermal stability and 

cycling durability. 

(3) The incorporation of PB significantly enhances the solar absorption capacity of 

EG14PB10 across the full spectrum. Consequently, EG14PB10 achieves a photothermal 

conversion efficiency of 93.7%, representing a 10.3% improvement over EG14, while 

exhibiting only a 5.6% reduction in latent heat. This enhanced performance is attributed to two 

synergistic factors: complementary spectral absorption between PB and EG, and the porous EG 

network which facilitates efficient heat transfer. 

Beyond material performance metrics, this work demonstrates a holistic strategy for 

engineering multifunctional CPCMs that balance energy storage capacity, thermal conductivity, 

photothermal efficiency, and long-term stability. The EG14PB10 composite represents a 

promising candidate for practical applications in low-temperature solar energy harvesting, 

building thermal regulation, and sustainable energy systems, providing a blueprint for the 

rational design of next-generation bio-based PCMs. 



 

 

While this study focused on hexadecanol blended with specific diols (ODL, DDL, and 

DDD), future work could expand this scope to include a broader range of bio-based alcohols or 

multi-component alcohol systems. Such investigations would allow for precise tuning of phase 

change temperatures and further optimization of thermophysical properties, which are critically 

dependent on component selection and stoichiometry. Additionally, although the optimal 

EPCM:EG:PB ratio (100:14:10) was identified based on thermal and photothermal 

performance in this study, future studies could systematically explore composition optimization 

from a techno-economic perspective. Specifically, future efforts should aim to minimize 

material cost while maintaining high latent heat, thermal conductivity, and photothermal 

efficiency, a balance that is essential for the successful large-scale applications of these 

materials. 
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