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Abstract The intermittent nature of solar irradiation poses significant challenges to the
energy transfer stability of conventional solar-thermal conversion materials. To address
this, solar-thermal phase change materials (PCMs) integrate thermal conversion and
storage, mitigating temporal and spatial discontinuities of solar energy. However,
existing PCMs suffer from limitations such as inadequate solar absorption, leakage, and
low phase change enthalpy. In this study, a novel binary eutectic PCM comprising 1,10-
decanediol (DDL) and paraffin wax (PW) was synthesized via melt blending. Expanded
graphite (EG) was incorporated as a thermal conductivity enhancer and structural
support, with a shape-stabilized composite PCM fabricated through vacuum
impregnation. The DDL-PW/EG composite achieved a high encapsulation efficiency
of 90%, exhibiting a phase change temperature of 63.2 °C and a latent heat capacity of
203.9 kJ-kg!. Notably, its thermal conductivity reached 6.89 W-m-K'!, 13.78 times
higher than that of pristine DDL-PW, while maintaining 85% photothermal conversion
efficiency. Accelerated thermal cycling tests (200 cycles) revealed negligible
degradation in phase change temperature and enthalpy, underscoring exceptional
thermal reliability of the composite. Combining robust thermal storage performance
with efficient solar-thermal conversion, the DDL-PW/EG composite demonstrates

significant potential for advancing solar energy harvesting and storage applications.
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1. Introduction

The escalating emission of greenhouse gases has intensified global warming,
propelling the change to low-carbon energy systems as a pivotal strategy for achieving
emission reduction targets [1]. Solar energy, renowned for its abundance,
environmental compatibility, and ubiquitous availability, stands out as a leading
renewable energy candidate [2]. However, its intermittent nature, both temporally and
spatially, poses significant challenges to widespread adoption. To address this, efficient
energy storage technologies have emerged as a critical research priority [3, 4]. Among
these, thermal energy storage (TES) systems offer a cost-effective and efficient solution,
enabling the capture and storage of solar heat during peak irradiance periods for later
use during low-irradiance periods, thereby ensuring a stable energy supply [5, 6].

PCMs are particularly advantageous in TES applications due to their ability to
store and release substantial latent heat during phase changes, enhancing energy storage
density and system efficiency [7, 8]. These properties have driven the extensive
application of PCMs in diverse fields, including building climate control [9, 10], solar
water heating systems [11, 12], and thermal management of electronic devices [13, 14].

Organic phase change materials, including paraffin, fatty acids, and polyols, have
garnered significant research interest due to their high latent heat capacity and minimal
corrosivity. Among these, eutectic organic phase change materials, synthesized by
combining multiple organic PCMs, offer tailored thermal properties, enabling precise
adjustments to melting points and latent heat to address specific application
requirements [15]. This adaptability is particularly critical for solar thermal energy
storage systems. For instance, Fan et al. [16] developed a myristic acid-paraffin eutectic
PCM via melt blending, demonstrating exceptional reliability for latent solar heat
storage. Duraipandi et al. [17] further validated the practicality of eutectic PCMs by

integrating palmitic acid-decanoic acid blends with solar dryers, extending operational



heating durations and improving system efficiency. Narayanan et al. [18] advanced this
field by formulating a paraffin-oleic acid eutectic PCM with nano-graphite additives,
showcasing its efficacy in photovoltaic thermal management.

PCMs face critical limitations, including low thermal conductivity, phase-change-
induced leakage, and inadequate solar-thermal conversion efficiency, which hinder
their broader application in solar energy systems. To address these challenges, there is
an urgent demand for composite PCMs with enhanced thermal conductivity, superior
solar-thermal conversion performance, and shape stability [19]. Expanded graphite
(EG), a three-dimensional thermally conductive additive, has emerged as a promising
solution. By leveraging capillary forces and surface tension, EG effectively adsorbs
liquid PCMs into its porous structure, forming shape-stabilized composites while
simultaneously mitigating leakage and increasing thermal conductivity [20, 21]. For
instance, Yan et al. [22] developed an erythritol/EG composite PCM (CPCM) and
demonstrated that incorporating 6 wt% EG improved thermal conductivity from 0.60 +
0.03 W-m™-K"! (pure erythritol) to 5.97 + 0.30 W-m™'-K"!. Similarly, Tan et al. [23]
synthesized a ternary eutectic PCM (hexanediol-dodecanol-caprylic acid) combined
with EG via vacuum impregnation. The resulting CPCM achieved a thermal
conductivity of 1.8980 W-m™-K-!, 10.25 times higher than the pristine ternary PCM,
while reducing phase change time by 10%. Xu et al. [24] engineered a hexadecyl
alcohol-palmitic acid/expanded graphite (HA-PA/EG) composite eutectic PCM, which
combines a suitable phase change temperature with enhanced thermal conductivity for
photovoltaic module temperature regulation. These advancements underscore EG’s
dual role in enhancing thermal performance and structural reliability.

Despite advancements in PCM research, challenges such as low latent heat at
target temperatures remain unresolved. Saturated diols, which exhibit minimal phase
separation, high latent heat, negligible volume change, and robust thermal stability,
have emerged as promising candidates for TES systems [25]. However, limited studies
have explored eutectic mixtures of saturated diols with paraffin wax (PW). This design
effectively suppresses the double-peak behavior of paraffin during the phase transition

and maximizes the utilization of its latent heat. In this study, we introduce a novel



organic eutectic PCM composed of 1,10-decanediol (DDL) and PW, combined with EG
to form a shape-stabilized CPCM via vacuum impregnation. Here, DDL and PW act as
the eutectic PCM, while EG enhances thermal conductivity and prevents leakage. The
thermal properties, microstructure, and thermal conductivity of the DDL-PW/EG
CPCM were systematically characterized using differential scanning calorimetry
(DSC), scanning electron microscopy (SEM), and thermal conductivity analyzer.
Additionally, simulated solar irradiation experiments were conducted to evaluate its
solar absorption capacity and photothermal conversion efficiency. The results reveal
that the DDL-PW/EG CPCM achieves a phase change temperature of 63.2 °C, a high
latent heat of 203.9 kJ-kg™!, and a thermal conductivity of 6.89 W-m™!-K"!, 13.78 times
higher than the pristine DDL-PW eutectic. The material also demonstrates low
supercooling, exceptional shape stability, and thermal reliability over 200 heating-
cooling cycles, alongside a solar-thermal conversion efficiency of 85.0%. These
properties collectively position the DDL-PW/EG CPCM as a highly efficient and

durable solution for solar TES applications.

2. Experimental

2.1. Materials

PW (CiHanv2, RT70HC, 98%) was supplied by Guangzhou Zhongjia New
Materials Technology Co., Ltd. 1,10-Decanediol (Ci0H2202, 98%) was purchased from
Shanghai Macklin Biochemical Technology Co., Ltd. EG (expandable 200-300 times)
was obtained from Nanjing Greifa Carbon Materials Co., Ltd. All chemical reagents
were of analytical grade and could be used without further purification.
2.2. Preparation of DDL-PW eutectic mixture

A series of DDL-PW binary eutectic mixtures were synthesized using a
straightforward physical blending method. To determine the optimal composition,
various mass ratios of DDL to PW were screened, ranging from 1:9 to 9:1 (specifically,
1:9,2:8,3:7,4:6,5:5,6:4,7:3,8:2, and 9:1). Accurately weighed quantities of DDL and

PW were transferred into clean, dry glass vials using an analytical balance



(AUY220,Shimadzu). The vials were then placed in a thermostatic magnetic stirrer
water bath (DF-101S,YUHUA) maintained at 85 °C until the components fully melted,
forming a clear and transparent liquid. The mixture was stirred at 500 rpm for 30 min
to ensure complete homogeneity. Finally, the resulting binary mixture was cooled to
room temperature, after which it was sealed and stored for further use.
2.3. Preparation of DDL-PW/EG CPCMs

To prepare the CPCMs, EG was mixed with the DDL-PW eutectic mixture at
varying mass ratios. In each experimental group, the total mass of the PCM was fixed
at 10 g. EG was weighed in amounts of 0.6 g, 0.8 g, 1.0 g, and 1.2 g, corresponding to
6 wt%, 8 wt%, 10 wt%, and 12 wt% of the total PCM mass, respectively, and placed
into separate beakers. The DDL-PW eutectic mixture was melted at 85 °C to form a
clear liquid, which was then added to the EG for blending. Due to the excellent
compatibility between the DDL-PW eutectic and EG, the mixtures were manually
stirred vigorously for 30 min to promote the adsorption of the eutectic mixture into the
porous structure of EG. Subsequently, the blended mixtures were placed in a vacuum
drying oven at 100 °C for 5 h to ensure thorough infiltration of the DDL-PW eutectic
into the porous network of EG. This step completed the preparation of the CPCMs.
2.4. Characterization

The morphology of EG and DDL-PW/EG CPCMs was analyzed using a Hitachi
SU8010 SEM. Phase change temperatures and latent heat were measured via DSC
(DSC3 STAR, Mettler Toledo) under nitrogen at 10 °C-min™' (30100 °C). Thermal
history was eliminated by preheating samples to 100 °C (20 °C-min™') and holding for
2 min. Chemical structures were characterized using Fourier transform infrared
spectroscopy (FTIR, Nicolet 6700, Thermo Fisher Scientific; 4000400 cm™).
Crystallinity was evaluated with an in-situ X-ray diffractometer (XRD, Rigaku Ultima
IV X). Thermal conductivity was measured using a Hot Disk TPS 500 S thermal
constant analyzer with 7577/5465 probes. Thermal stability was assessed via
thermogravimetric analyzer (TGA, SDT Q600) at 10 °C-min™' (25-600 °C, nitrogen
atmosphere). Thermal cycling reliability was tested over 200 melt-solidify cycles (50—

80 °C) in a BTH-80B chamber, followed by post-cycling DSC analysis. Photothermal



conversion performance was evaluated using a CEL-S500-T5 solar simulator (2000
W-m™) with temperature monitoring via a K-type thermocouple and KEYSIGHT
DAQ970A data acquisition system. Table 1 summarizes the accuracy of the devices.

Table 1 Accuracy of the devices.

Device Measured parameter Accuracy
DSC Enthalpy +3%
Thermal constant analyzer Thermal conductivity +5%
BTH-80B chamber Thermal reliability +0.5°C
Thermogravimetric analyzer Mass 0.001%
Thermocouple Temperature +1 °C

3. Results and discussion

3.1. Determination of optimal mass ratio for the DDL-PW eutectic mixture

As shown in Fig. 1, the optimal mass ratio for the DDL-PW binary eutectic
material was determined by preparing mixtures with varying DDL/PW compositions
and analyzing their thermal properties via DSC. Most DDL-PW mixtures displayed
dual endothermic/exothermic peaks, indicating incomplete phase change
synchronization. However, at a DDL mass fraction of 60 wt%, a single set of
endothermic and exothermic peaks emerged, signaling a eutectic composition with
synchronized melting/crystallization behavior. This optimized eutectic PCM
demonstrated a melting temperature of 63.8 °C, a solidification temperature of 59.9 °C,
and corresponding latent heats of 229.1 kJ-kg™! and 228.1 kJ-kg™!, respectively. When
compared to other eutectic PCMs reported in the literature within the same phase
change temperature range, the DDL-PW eutectic PCM exhibits a relatively superior
latent heat (see Table 2). This DDL-PW eutectic PCM achieves a good balance between
latent heat and phase change temperature, offering significant potential for practical

applications.
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Fig. 1. DSC curves of DDL and PW mixtures with different mass ratios.

Table 2 Thermal properties of DDL-PW eutectic PCM compared with literature data.

Eutectic PCMs Composition (%) Tm (°C) Hm (kJ'kg')  Refs.
Stearic acid/benzamide 75:25 65.09  200.15 [26]
Stearic acid:n-octanamide 82.7:17.3 63.1 199 [27]
Stearic acid:n-butyramide 70.9:29.1 64.3 198.4 [27]
Stearic acid:suberic acid  96:4 66.4 191.4 [28]
Stearic acid/acetamide 60:40 64.6 194 [29]
DDL-PW 60:40 63.8 229.1 Present

3.2. Microscopic morphology and leakage test of DDL-PW/EG CPCMs

Fig. 2a presents the SEM image of EG, revealing a worm-like microstructure. The
graphite nanosheets of EG form irregular pores, which facilitate the adsorption of DDL-
PW. Fig. 2b illustrates the micromorphology of EG after vacuum adsorption of DDL-
PW, suggesting that DDL-PW fills the internal pores of EG.



Fig. 2. SEM micrographs of (a) EG and (b) 10 wt% DDL-PW/EG CPCM, (c) photographs of
the DDL-PW/EG CPCMs after leakage test.

Leak-proof ability is a crucial performance metric for the practical application of
CPCMs [30]. A low mass fraction of EG can lead to leakage issues, compromising the
material's effectiveness. However, since EG does not participate in the phase change
process itself, increasing its mass fraction reduces the latent heat of the CPCM. To
achieve an optimal balance between leakage prevention and maintaining high latent
heat, a systematic study was conducted. Specifically, CPCM samples with varying EG
mass fractions, including 6 wt%, 8 wt%, 10 wt%, and 12 wt%, were prepared to
determine the ideal EG content.

The optimal EG content was evaluated using two complementary approaches.
First, we assessed leakage by observing marks left on filter paper after heating. The
samples were placed in an 80 °C oven for 30 min, and any melted PCM leaking onto
the underlying filter paper was visually inspected. Fig. 2c¢ presents photographs taken
before and after heating. Notably, the DDL-PW/EG CPCM with 6 wt% EG exhibited
significant leakage, leaving clear marks on the filter paper. As the EG content increased,
the leakage progressively decreased. When the EG mass fraction reached 10 wt%,
leakage was almost entirely suppressed.

Second, the mass loss ratio of the composite was analyzed as another key indicator
for determining the optimal EG content. The mass loss ratio was calculated using Eq.
(1), and Fig. 3 quantitatively illustrates the mass loss ratios for CPCMs with varying

EG contents.



Ly (Wt%) = (Mg — M,,)/M, X 100% (1)
where Lm represents the mass loss ratio, while Mo and M, denote the mass of the sample
before and after heating, respectively. The mass loss ratios for EG mass fractions of 6
wt%, 8 wt%, 10 wt%, and 12 wt% were found to be 4.5%, 1.0%, 0.50%, and 0.48%,
respectively. When the EG content reached 10 wt% or higher, the mass loss became
negligible. In summary, our findings demonstrate that an EG mass fraction of 10 wt%
represents the optimal balance between minimizing leakage and maintaining desirable

latent heat for the DDL-PW/EG CPCM.
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Fig. 3 Mass loss ratios of CPCMs with varying EG contents.

3.3. Chemical composition and crystal structure of DDL-PW/EG CPCMs

To investigate the chemical structure of DDL-PW/EG CPCMs, FTIR was used to
characterize PW, DDL, DDL-PW, EG, and the DDL-PW/EG composite. As shown in
Fig. 4a, the FTIR spectrum of PW displays absorption peaks at 2913 cm™! and 2845
cm !, corresponding to asymmetric and symmetric stretching vibrations of -CHz groups.
Peaks at 1464 cm ™!, 1057 cm ™!, and 722 cm™! are attributed to —CHa bending, C—C
stretching, and —CH» rocking vibrations, respectively [20]. EG exhibits three
characteristic peaks: 3435 cm™! (O-H stretching), 1626 cm™! (C=0O stretching), and
1103 cm™!' (C-O stretching), reflecting its oxygen-containing polar groups, which
enhance compatibility with other polar molecules. For DDL, the FTIR spectrum shows
a broad peak at 3412 cm™! (-OH stretching), along with peaks at 2923 cm™!' and 2849
cm ! ((CH2/—CHj stretching), 1050 cm ™! (C—O stretching), and 1460-1480 cm ™! (-CH,



scissoring) [31]. In the DDL-PW/EG CPCM spectrum, all characteristic peaks of PW
and DDL are retained, and no new peaks emerge, confirming that the composite forms
via physical adsorption without chemical interactions.

To evaluate chemical compatibility and stability, XRD analysis was performed on
PW, DDL, DDL-PW, EG and DDL-PW/EG CPCM (Fig. 4b). PW shows diffraction
peaks at 21.8° and 24.7°, while DDL exhibits a high peak at 23.3°. The XRD pattern of
DDL-PW retains peaks from both PW and DDL, indicating a physical blend. EG
displays a sharp peak at 26.26°. Notably, the XRD pattern of DDL-PW/EG CPCM does
not exhibit new peaks, confirming that EG integration is physical and does not disrupt
the crystal structure of DDL-PW. These findings demonstrate excellent chemical

compatibility among all components.
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Fig. 4. FT-IR patterns (a) and XRD spectra (b) of PW, DDL, DDL-PW, EG and DDL-

PW/EG CPCM.

3.4. Phase change behavior of DDL-PW/EG CPCMs
The phase change behavior of DDL-PW/EG CPCMs was analyzed via DSC. Fig.
5 illustrates the melting and solidification curves of CPCMs with varying EG contents.
Notably, all CPCMs exhibit a single endothermic peak during melting and a single
exothermic peak during solidification. This consistency confirms the stable eutectic
structure in DDL-PW/EG CPCMs and suggests that EG has a negligible impact on their
phase change behavior. Since EG remains inert (no phase change between 30 °C and
100 °C), the phase change latent heat of the CPCMs were calculated using Eq. (1) [32].
AHcpem,r = oAHpem (2)



where AHpcwm 1s the phase change latent heat of DDL-PW, AHcpcwm,: is the theoretical
phase change latent heat of DDL-PW/EG CPCM,  is the mass fraction DDL-PW of
in the DDL-PW/EG CPCM. As shown in Table 3, the change in melting/solidification
temperature of the CPCMs is minimal, indicating that the effect of EG on the phase
change temperature is negligible. Evidently, the experimental phase change latent heat
of DDL-PW/EG CPCMs is slightly lower than the theoretical value. This discrepancy
may be due to the weak physical interactions between the porous structure of EG and
DDL-PW. These observations are consistent with reports in the literature [26]. Overall,
despite the addition of EG, the latent heat of DDL-PW/EG CPCMs remains high (>200
kJ-kg).
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Fig. 5. DSC curves of DDL-PW/EG CPCMs with various EG mass fraction.
Table 3 Phase change properties of DDL-PW CPCMs.
EG fraction Tm(°C) Hp(kI'kg') Tp(°C) Hp(kJ-kg') AT(°C)

0 wt% (DDL-PW)  63.8 229.1 59.9 228.1 3.9
6 wt% 63.2 212.8 63.1 209.5 0.1
8 wt% 63.2 214.0 63.1 210.9 0.1
10 wt% 63.2 203.9 63.0 201.3 0.2
12 wt% 63.2 203.1 66.0 199.1 -2.8

In PCM applications, supercooling degree (A7=Tm-T¥) is an important parameter
to evaluate energy storage performance [33]. In practical energy storage scenarios,

excessive supercooling can result in delayed and inefficient heat release, thereby



reducing energy utilization efficiency. Notably, the addition of EG significantly reduces
the supercooling degree of DDL-PW. This effect can be attributed to the high specific
surface area of EG, which provides numerous heterogeneous nucleation sites that
facilitate the solidification process. Interestingly, the solidification temperature of the
12 wt% EG sample (as shown in Table 3) was observed to be slightly higher than its
melting temperature. This phenomenon can be explained by the definition of the phase
change temperatures represented by the onset temperatures. Specifically, the peak
temperature of the solidification curve is lower than that of the melting curve (as
illustrated in Fig. 5), which is consistent with prior observations. Such behavior has
also been reported in previous studies [34, 35]. These studies indicate that the onset
temperature is least affected by variations in sample mass or heating rate, making it a
reliable representation for the material's melting point. Accordingly, in this work, the
phase change temperature refers specifically to the onset temperature, defined as the
intersection between the baseline and the tangent to the peak on the heat flow curve
[36]. Two additional minor factors may contribute to this observation. First, the addition
of EG induces structural changes in the eutectic mixture due to its porous nature, which
can influence both melting and solidification temperatures [37]. Second, the
discrepancy between melting and solidification temperatures may arise from inherent
experimental errors associated with DSC testing [36]. However, such deviations remain

well within the acceptable range of experimental uncertainty.

3.5. Thermal conductivity of DDL-PW/EG CPCMs

Thermal conductivity is a critical parameter for PCMs, as it directly governs their
energy storage efficiency during charging and discharging cycles. In this study, the
thermal conductivity of DDL-PW and DDL-PW/EG CPCMs with varying EG mass
fractions was measured (Fig. 6). The pristine DDL-PW PCM exhibited a low thermal
conductivity of 0.5 W-m™'-K-!, insufficient for practical energy storage applications.
However, incorporating EG resulted in an enhancement in thermal conductivity with
increasing EG content. For EG mass fractions of 6 wt%, 8 wt%, 10 wt%, and 12 wt%,

thermal conductivity values reached 4.31, 6.01, 6.89, and 7.42 W-m™!-K"!, respectively,



corresponding to 8.62, 12.02, 13.78, and 14.84 times improvements over pure DDL-
PW. This dramatic enhancement is attributed to highly conductive three-dimensional

network of EG, which facilitates efficient heat transfer pathways within the composite

[38].
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Fig. 6. Thermal conductivity of DDL-PW/EG CPCMs.

As shown in Table 4, the DDL-PW/EG CPCM demonstrates a unique combination
of higher latent heat and enhanced thermal conductivity compared to previously
reported EG-based CPCMs. This unique performance profile makes it a promising
candidate for thermal energy storage systems.

Table 4 Comparison of latent heat of melting and thermal conductivity between present study

and reported EG-based CPCMs.

EG T Hn Thermal conductivity
Samples ) Refs
fraction  (°C)  (kJ'kg™h) (W-m'-K?)
Stearic acid/EG 10 69.27 185.32 38 [39]
Acetamide/EG 10 65.91 163.71 2.61 [40]
C18-acid/C18-OH/EG 9 47 143 3.38 [41]
Hexadecanol-Palmitic
] 15 432 182.3 5.804 [24]
acid/EG
Stearic acid-
) 12 65.48 176.03 4.177 [26]
benzamide/EG
DDL-PW/EG 10 63.2 203.9 6.89 Present

3.6 TGA analysis of DDL-PW/EG CPCM

The thermal stability of CPCMs is critical for ensuring reliability under high-



temperature conditions. TGA curves for DDL-PW, EG, and DDL-PW/EG CPCM are
presented in Fig. 7. Notably, EG exhibits no thermal decomposition below 600 °C, as
indicated by its flat TGA profile. For DDL-PW, initial decomposition begins at 180 °C,
with complete degradation occurring by 330 °C . In contrast, the DDL-PW/EG CPCM
demonstrates significantly enhanced stability, with initial decomposition delayed to
206 °C and final decomposition extended to 350 °C. These thresholds exceed the
operational temperature range of the PCM, confirming that EG incorporation improves

thermal durability by raising decomposition temperature.
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Fig. 7. TGA curves of the DDL-PW, EG and DDL-PW/EG CPCM.

3.7 Thermal reliability of DDL-PW/EG CPCM

For practical applications, thermal reliability is a key indicator of long-term
durability for DDL-PW/EG CPCMs. To evaluate this, the thermal properties, chemical
composition, and crystal structure of DDL-PW/EG CPCMs were analyzed before and
after 200 heating-cooling cycles using DSC, FT-IR, and XRD.

As shown in Fig. 8a, the DSC curves of the CPCM before and after cycling are
nearly identical. After 200 cycles, the melting and solidification latent heats remain
198.5 kJ-kg! and 195.4 kJ-kg'! (Table 5), respectively, representing reductions of just
2.6% and 2.9% compared to initial values. These negligible losses confirm stable phase-
change behavior over extended cycling.

FT-IR spectra (Fig. 8b) of the cycled CPCM show no new peaks or significant

shifts, indicating preserved chemical integrity. Similarly, XRD patterns (Fig. 8c) reveal



unchanged peak positions before and after cycling, verifying the stability of the crystal
structure. Collectively, these results demonstrate that the DDL-PW/EG CPCM maintain
excellent thermal and chemical stability under prolonged thermal cycling, making them

highly promising for solar thermal energy applications.
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Fig. 8. DSC curves (a), FT-IR spectra (b) and XRD spectra (¢) of DDL-PW/EG CPCM
before and after 200 cycles.

Table 5 Phase change properties of DDL-PW/EG after 200 heating-cooling cycles.

Cycle T, (°C) H,p(kJ-kg™) T;(°C) Hp(kJkg'")
1 63.2 203.9 63.0 201.3
100 63.5 204.2 63.6 200.1
200 63.4 198.5 64.7 195.4

3.8 Photothermal conversion performance of DDL-PW/EG CPCM

To assess the practical viability of the synthesized CPCMs, photothermal
conversion performance was evaluated under simulated solar irradiation. Figure 9
illustrates the temperature response profiles of DDL-PW and DDL-PW/EG CPCMs
during illumination. For the DDL-PW/EG CPCM, a distinct temperature plateau
between 62—68 °C was observed, lasting ~460 s. This plateau corresponds to latent heat
storage during phase change, where simulated solar energy is absorbed and converted
into thermal energy. Post-phase change, the CPCM’s temperature continued to rise to

~75 °C until the light source was turned off.



80

70 4

DDL-PW/EG

=}
=4
1

Temperature (°C)
3
L

o
=)
1

DDL-PW

30 -

T T T T
0 500 1000 1500 2000 2500
Time (s)

Fig. 9. (a) Schematic diagram of photothermal conversion of DDL-PW/EG CPCM,
(b) Photothermal conversion curves of DDL-PW and DDL-PW/EG CPCM.

Upon turning off the light, the CPCM underwent a cooling and heat-release
process, exhibiting a solidification plateau at ~65 °C. In contrast, pure PW showed
minimal temperature increase, failing to reach its phase change threshold and storing
only sensible heat.

The photothermal conversion efficiency (1) was calculated using Eq. (3) [5]:

n=(mAHm)/(pS(t2- 11)) A3)
where m is the mass of the sample. The symbols 4H, (melting enthalpy of the sample,
kJ-kg™!), p (light source intensity, W-m™), S (sample surface area, m?), #| (phase change
onset time, s), and £ (phase change end time, s) represent key parameters for evaluating
photothermal performance. Calculations reveal that the DDL-PW/EG CPCM achieves
a photothermal conversion efficiency of 85.0%. Notably, the incorporation of EG
significantly enhances this efficiency. This improvement stems from EG’s dual role as
an efficient light absorber and thermal conductivity enhancer. The graphite structure
effectively captures sunlight, converts solar energy into thermal energy, and facilitates
rapid heat transfer within the composite, enabling efficient thermal energy storage and
release [42]. As shown in Table 6, the DDL-PW/EG CPCM outperforms other solar
thermal utilization materials by combining high thermal storage density with moderate
photothermal efficiency. These properties demonstrate its exceptional capability for
sunlight absorption and thermal management, positioning it as an ideal candidate for

solar energy harvesting, utilization, and storage systems.



Table 6 Comparison of thermal storage density and photothermal conversion efficiency of

various types of carbon-based phase change composites.

PCM Skeleton Hun(kJ'’kg?)  5(%)  Refs.

Lauric acid-stearic

.4 Carbon-decorated diatomite matrix 70.07 94.83 [5]
aci
o Surface-decorated graphitic carbon
Stearic acid 167.60 90.14  [43]
foam

Octadecanol NiCo@EG 168.3 98.71  [44]
Polyethylene Ag@reduced graphene oxide-

yE 5@ _ srap _ 157.7 90.5 [45]

glycol carbonize melamine foam

Thermoplastic elastomer/Carbon
Paraffin wax 180 96.17  [46]
nanotube
PW-DDL EG 203.9 85.0 Present

4. Conclusions

In this study, a novel binary eutectic PCM, DDL-PW, was synthesized. To enhance
performance, EG, a highly conductive and porous material, was incorporated to prepare
DDL-PW/EG CPCMs with varying EG mass fractions. Leakage tests confirmed a
maximum DDL-PW loading capacity of 90 wt% in the composite. The optimized DDL-
PW/EG CPCM exhibited a melting temperature of 63.2 °C, a solidification temperature
of 63.0 °C, and corresponding latent heats of 203.9 kJ-kg' and 201.3 kJ-kg”,
respectively. With an initial thermal decomposition threshold of 206 °C, the CPCM
demonstrates robust thermal stability for solar applications.

Notably, the integration of 10 wt% EG increased thermal conductivity to 6.89
W-m!-K!, 13.78 times higher than pure DDL-PW, while maintaining excellent
chemical and crystalline compatibility between components. The CPCM achieved a
photothermal conversion efficiency of 85.0%. Furthermore, after 200 heating-cooling
cycles, no significant degradation in phase change temperature, latent heat, chemical
structure, or crystallinity was observed, underscoring its exceptional thermal reliability.
These combined properties—high energy storage density, rapid heat transfer, and long-
term stability—make the DDL-PW/EG CPCM particularly well-suited for applications

such as solar water heating and building climate control.
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