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A B S T R A C T   

To mitigate the intermittency of renewable energy generation and achieve net-zero greenhouse gas emissions, a 
cyclically stable and energy-efficient thermal energy storage system (TESS) is increasingly required. To prevent 
leakage and enhance thermal conductivity and stability, TESS is typically fabricated by impregnating energy 
storage materials (ESMs) into porous conductive additives. However, the impregnation-based encapsulation 
process is both time-consuming (several to tens of hours) and energy-intensive, and the incorporation of addi
tives reduces the proportion of ESMs, resulting in decreased energy capacity. In this study, we present an ul
trafast (several minutes) and energy-efficient one-pot encapsulation method for in situ encapsulation of paraffin 
wax (PW) within the pores of expanded graphite (EG) via microwave irradiation of expandable graphite (Eg) in 
molten PW. The resulting binary PW/EG composites exhibit shape stability and no leakage even at 92 wt% PW 
loading. The PW/EG composite with 10 wt% EG demonstrates a thermal conductivity of 3.7 W/mK (16.2 times 
higher than that of pure PW), a thermal release/absorption efficiency of around 99.5 %, and almost 100 % 
capacity retention after thermal cycling. Additionally, we demonstrate that integrating PW/EG TESS with 
thermoelectric (TE) modules can increase TE power generation by more than fivefold, highlighting their po
tential for energy storage and conversion as well as mitigating waste heat source intermittency.   

1. Introduction 

To achieve net-zero greenhouse gas emissions, it is imperative to 
increase the utilization of renewable energy generation from sources 
such as photovoltaics, wind, geothermal, and industrial waste heat 
[1,2]. However, renewable energy is often intermittent and presents 
challenges in providing stable power when needed [3,4]. Cost-effective 
and cyclic-stable energy storage systems are crucial for mitigating 
intermittency and ensuring grid reliability. Thermal energy storage 
systems (TESS) can reduce peak load and address renewable energy 
intermittency by time-shifting the load, which is critical for decarbon
ization and reducing greenhouse gas emissions [5]. Phase change ma
terials (PCMs), including paraffin wax [6–15], fatty acids [16–19], and 
salt hydrates [20–25], are commonly utilized in TESS due to their high 
energy density and stability when compared to sensible heat storage 
materials and thermochemical heat storage systems [26–28]. 

The limitations of PCMs for TESS include poor heat transfer 

performance, leakage, and unstable performance during melting/solid
ification cycles [29]. To address these issues, various strategies have 
been developed to encapsulate PCMs using thermal conductive mate
rials to improve thermal conductivity and prevent leakage [7,30]. One 
approach involves incorporating PCMs with polymeric shells using 
methods such as emulsification [11], in-solution polymerization [24], 
and stabilizing polymer coating [23]. However, this approach requires 
non-PCM polymers, long processing times, large amounts of process 
solvents, and intensive energy to remove the solvents [6,18]. Addi
tionally, this approach necessitates the addition of thermally conductive 
fillers such as carbon powder and metal particles to enhance thermal 
conductivity [31,32], further reducing the loading ratio of PCMs. 
Another approach involves preparing porous matrix materials first, such 
as expanded graphite (EG), carbon nanotubes, graphene foam, metal 
foams, porous silica, and zeolite, and then impregnating PCMs into the 
pores [33–35]. However, the impregnation process is time-consuming 
and energy-intensive [14,16,17,19], requires the PCMs to remain in a 
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molten state throughout the process, and necessitates auxiliary equip
ment such as vacuum infiltration, ultrasonic vibration, and filtration 
(Fig. 1a and Table S1). Furthermore, up to 20 wt% of EG or a third 
encapsulation additive such as a cross-linked polymer network or 
polymer shell is required to achieve necessary leak resistance and good 
thermal conductivity, reducing the PCM content in TESS composites 
(Fig. 1b). Thus, there is a need for a less time-consuming and energy- 
efficient method to fabricate leak-free and shape-stable PCM compos
ites with both high PCM loading and excellent thermal conductivity. 

EG is one of the most used thermally conductive fillers in TESS 
because of its high thermal conductivity, porous structure, low cost, and 
chemical stability. EG is usually prepared from expandable graphite 
(Eg), a graphite intercalation compound, by furnace annealing (up to 
900 ◦C). Upon exposure to a rapid increase in temperature, these 
intercalation compounds in EG decompose into gaseous products, 
resulting in highly porous EG with an expansion ratio of up to 300 times 
[36]. In addition to thermal expansion, EG can also be produced by 
microwave irradiation, where the conductive graphene layers of Eg 
convert microwave energy into heat and locally raise the temperature of 
the intercalation compound to gasify [37,38]. Locally expanding Eg in 
molten PCM via microwave irradiation and simultaneously encapsu
lating PCM in situ within the voids of newly formed EG appears to be a 
promising approach for fabricating PCM/EG composites. Microwave 
irradiation is becoming increasingly popular in PCM composite fabri
cation due to its time and energy efficiency. For instance, Zhang et al. 
discovered that EG, when prepared at an irradiation power of 800 W for 
10 s, demonstrated a maximum sorption capacity of 92 wt% for paraffin 
[37]. Li et al. used microwave radiation in a hydrogen peroxide solution 
to treat flake graphite (FG), which was then used to support stearic acid 
(SA) in the synthesis of SA/FG composites for thermal energy storage 
[39]. Rivero et al. reported on the microwave-assisted modification of 
starch for compatibilizing LDPE/starch blends [40]. Sundararajan et al. 
prepared a shape-stabilized PCM composite using microwave-assisted 
blending of PEG and cellulose acetate (CA) [41]. However, most cur
rent applications of microwave irradiation in PCM composites focus on 
the fabrication of additives like EG or the blending of polymeric mate
rials, based on the absorption of microwaves by dipole active molecules. 
Despite the use of microwave irradiation, these methods still necessitate 
a time and energy-consuming impregnation process. To the best of our 
knowledge, the in-situ encapsulation of PCMs within thermally 
conductive materials such as Eg has not been explored yet. Compared 
with conventional multi-step encapsulation methods, this one-pot 
approach has the potential to significantly reduce fabrication time 
from hours to minutes and eliminate the need for process solvents and 
complex impregnation-support equipment (Fig. 1). 

In this study, we present a one-pot method for expanding expandable 
graphite in molten PCMs via microwave irradiation while simulta
neously encapsulating PCMs in situ within the voids created by expan
sion. Paraffin wax (PW) is used as the PCM due to its low melting point 
(53–58 ◦C) and high boiling point (370 ◦C), low supercooling, excellent 
chemical stability, high latent heat, and non-toxicity [30,42,43]. The 
resulting binary PW/EG composite exhibits no leakage even with a PW 
content as high as 92 wt%. The PW/EG composite with 10 wt% EG 
demonstrates a thermal conductivity of 3.7 W/mK, a thermal release/ 
absorption efficiency above 99.5 %, and a capacity retention rate of 
99.6 % after 100 thermal cycles. Furthermore, we have demonstrated 
the use of PW/EG composites in combination with thermoelectric 
modules for simultaneous thermal energy storage and conversion. 

2. Experimental section 

2.1. Materials 

Paraffin wax and expandable graphite (50 mesh, around 300 μm) 
were obtained from Sigma-Aldrich. Paraffin wax (PW) has a melting 
point of 53–58 ◦C and a boiling point greater than 370 ◦C. Expandable 
graphite (Eg) is a synthesized intercalation compound of graphite that 
expands or exfoliates when heated. This material is produced by treating 
flake graphite with various intercalation reagents (<5 wt%) that migrate 
between the graphene layers in a graphite crystal and remain as stable 
species (Fig. 2a). Upon exposure to a rapid increase in temperature via 
microwave irradiation (Supplementary video 1), these intercalation 
compounds decompose into gaseous products (nitrogen oxides and 
sulfur oxides), resulting in high inter-graphene layer pressure [36]. This 
pressure generates sufficient force to push apart graphite basal planes in 
the “c” axis direction, leading to an increase in the volume of the 
graphite of up to 300 times (Fig. 2b, and Figs. S1 and S2). 

2.2. One-pot preparation of PW/EG composite via microwave irradiation 

The fabrication process of the PW/EG composite via in situ encap
sulation is depicted in Fig. 2c. PW was melted in a glass beaker by 
heating it to 80 ◦C on a hot plate. Eg (2–20 wt%) was added to the 
molten PW and allowed to settle naturally at the bottom of the beaker. 
The beaker was covered with a glass petri dish, with the spout serving as 
a channel for gas flow. The beaker was then placed in a microwave oven 
(Samsung, 1100 W) and irradiated for 30 s. During irradiation, the Eg 
absorbed microwave energy and generated localized heat, partially 
expanded, and produced gases that expelled air through the beaker 
spout, preventing PW ignition. Simultaneously, PW diffused into the 

Fig. 1. Comparison of fabrication processes and energy storage performance of thermal energy storage systems (TESS) reported in the literature and in this work. (a) 
Comparison of fabrication steps and minimum fabrication times for various TESS materials [6–9,12–14,16,17,20–22]. (b) Comparison of thermal conductivity and 
PCM proportion for various TESS materials [6,8,10,12–14,17,18,20–23]. Detailed information is provided in Table S1. 
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pores of the EG. The mixture of EG, the remaining un-expanded Eg, and 
PW were stirred evenly for around 20 s and irradiated for an additional 
30 s. This irradiation-stir cycle was repeated until the full expansion of 
the Eg. The resulting EG-encapsulated PW mixture was then molded and 
pressed into specimens of varying shapes for characterization and ap
plications. The duration required for the process can be significantly 
affected by factors such as the sample size and the power of the mi
crowave irradiation. For instance, the creation of a 40 g PW/EG-10 % 
composite using 1100 W microwave irradiation necessitated an 
approximate total irradiation time of 10 min. In scenarios where scaling 
up is required, we could modify the microwave power to ensure that the 
duration of the irradiation process remains within a few minutes. This is 
considerably more time-efficient compared to the traditional impreg
nation method, which necessitates several hours of soaking time even 
for samples of a smaller scale. 

2.3. Material structure characterization 

The morphologies of Eg, EG, and PW/EG composites were analyzed 
using field-emission scanning electron microscopy (FE-SEM; JEOL JSM- 
7500F). A cross-section sample was prepared using freeze fracturing, 
where the samples were frozen in liquid nitrogen (−196 ◦C), followed by 
cracking. Samples were sputter-coated with 4 nm gold (Cressington 
208HR) before imaging. The chemical structures of the composites were 
analyzed using Fourier transform infrared spectroscopy (FTIR; Bruker 
ALPHA-Platinum, Attenuated Total Reflection mode), with spectra 
recorded in the range of 4000–400 cm−1 at a resolution of 4 cm−1. The 
crystalline structures of the composites were analyzed using X-ray 
diffraction (XRD; Rigaku MiniFlex, 3◦–80◦). 

2.4. Thermal energy storage characterization 

Leakage was assessed by maintaining samples at 80 ◦C and recording 

their mass at different time intervals. The form-stability of PCM com
posites was assessed by placing samples on a metal foil or mesh and 
monitoring shape changes at temperatures ranging from 30 to 80 ◦C. 
Thermographic images were obtained using an infrared thermal camera 
(FLIR A325sc). The thermal conductivity of PW/EG composites was 
measured using a Hot Disk Thermal Conductivity Analyzer (TPS 2500S; 
ThermTest Inc). Three repeated measurements have been conducted to 
calculate the average value and error bar. The thermal energy storage 
properties of the composites were analyzed using differential scanning 
calorimetry (DSC; TA Q20), with tests performed under a nitrogen at
mosphere in the scanning range of 0–100 ◦C at a rate of 5 ◦C/min. 

2.5. Demonstration of PW/EG composite-covered TE module 

The PW/EG composite-covered TE module was fabricated by 
assembling a cuboid PW/EG composite (40 × 40 × 5 mm) on top of a 
thermoelectric (TE) module (TEC1-12706; 40 × 40 × 3.2 mm). A hot 
plate was used as a heat source. Temperature profiles at the hot and cold 
ends of TE modules were recorded using a thermocouple data logger 
(Sable Systems; TC-2000). The output voltages of the thermoelectric 
generator were recorded using a Keithley 2400 Instrument. The voltage 
and power of the TE modules were evaluated and compared with and 
without the presence of PW/EG composite. 

3. Results and discussion 

3.1. In situ encapsulation of PW within EG 

This study presents a one-pot method for the in situ encapsulation of 
phase change materials (PCMs) to prevent leakage and enhance thermal 
conductivity (Fig. 2c). EG-encapsulated PW composites were prepared 
by filling EG pores with molten PW during the expansion of Eg. This was 
achieved by placing Eg in molten PW and subjecting it to microwave 

Fig. 2. In-situ encapsulation of PW in EG through microwave irradiation. (a) Optical and SEM images of Eg. (b) Morphologies of EG produced by microwave 
irradiation of Eg. (c) Schematic representation of the experimental procedure. (d) Mechanism of in situ encapsulation of PW in EG via microwave irradiation. 
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irradiation. During irradiation, the electrically conductive graphene 
sheets within Eg generate strong eddy currents, leading to localized 
rapid heating [36]. When the local temperature exceeds 180 ◦C, in
tercalations between graphene layers gasify and generate gases (nitro
gen oxides and sulfur oxides), separating the graphene layers and 
creating voids. As the expansion process occurs in molten PW, when gas 
escapes from the graphite interlayer, molten PW near the pores is drawn 
into the void left by the escaping gas due to the pressure difference 
(Fig. 2d), resulting in the in situ encapsulation of PW within EG pores. 

The experimental process for fabricating PW/EG composites using 
the in situ encapsulation method is illustrated in Fig. 3a and Fig. S3. A 
beaker containing a mixture of 90 wt% molten PW and 10 wt% Eg was 
placed in a domestic microwave oven. After 30 s of microwave irradi
ation, some Eg expanded into EG and floated to the top of the molten 
PW, while most remained at the bottom of the beaker (Supplementary 
video 2). During the irradiation-expansion process, the vacuum void 
within the newly formed EG was filled with PW due to the pressure 
difference, forming an EG-encapsulated PW mixture (Fig. 3b). After 
stirring, the floating PW/EG mixture was mixed again with unexpanded 
Eg and unencapsulated molten PW (Fig. S4a). With increasing 
irradiation-stirring cycles (Fig. S4b–d), more PW/Eg became EG- 
encapsulated PW. After 7 min of intermittent irradiation-stirring treat
ment, almost all molten PW was encapsulated (Fig. S4e). Continuing 
with the irradiation-stirring process, additional layers of EG were 
wrapped around the EG-encapsulated PW, which is expected to further 

improve leakage resistance and thermal conductivity. After 10 min of 
intermittent irradiation-stirring treatment, all Eg had fully expanded. 
The resulting PW/EG mixture appeared as dry separated particles 
approximately 1 mm in size (Fig. 3c, and Fig. S4f). PW/EG composites of 
various shapes were prepared by compression molding (Fig. 3c-vi, and 
Fig. 3d). FT-IR and XRD results (figs. S5 and S6) showed that the 
chemical functional groups and crystal structure of PW remained un
changed before and after encapsulation, indicating that no chemical 
reaction occurred between PW and EG [13,44] and that the encapsu
lation method is a physical process. 

3.2. Influence of EG proportion on thermal energy storage characteristics 
of PW/EG composite 

Key performance indicators for phase change materials (PCMs) in 
thermal energy storage systems include shape stability, leakage resis
tance during thermal cycling, thermal conductivity, cycle durability, 
and latent heat storage capacity. For EG-encapsulated PCM composites, 
latent heat storage capacity is positively correlated with the proportion 
of PCM, while other performance indicators related to thermal stability 
depend on the proportion of EG. As such, there is a trade-off between 
latent heat storage capacity and thermal stability. 

To investigate the effects of EG proportion on the thermal energy 
storage characteristics of PW/EG composites, PW/EG composites with 
varying EG mass fractions (0–20 wt%) were prepared and characterized 

Fig. 3. In situ encapsulation of PW in EG (10 wt% content) via microwave irradiation. (a) Photographs of the experimental steps for the in situ encapsulation of PW 
with Eg by microwave irradiation. (b) SEM images of EG-encapsulated PW after 30 s microwave irradiation. (c) SEM image of the PW/EG mixture after intermittent 
microwave irradiation and stirring for 10 min. (d) SEM images of the PW/EG composite following the compression molding treatment, which exhibits 
reduced porosity. 
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(Table S2). The cross-sectional morphologies of PW/EG composites with 
different proportions of EG are shown in Fig. 3d and Fig. 4. When the EG 
proportion is 2 wt% and 5 wt%, the cross-sectional SEMs of the PW/EG 
composites show distinct strip-like and block-like PW clusters (Fig. 4a 
and b), due to the low proportion of EG being unable to absorb all the 
PW, resulting in some PW gathering on the surface of EG. As the EG 
proportion increases (8–10 wt%), the microporous structures of EG 
provide sufficient voids to contain the PW, ensuring good shape stability 
and leakage prevention performance. However, when the EG proportion 
is too high (15–20 wt%), unfilled voids remain (Fig. 4c and d), leading to 
high porosity in the PW/EG composites. 

The densities and porosities of PW/EG composites with different EG 
mass fractions are shown in Fig. 4e and f. The porosity (P) of the com
posite was calculated using: 

P = 1 −
ρ
ρt

(1)  

where ρ is the measured density of the composite, which was calculated 
by dividing the measured mass by the measured volume. ρt is the 
theoretical density assuming zero porosity, which was calculated using: 

ρt = ηEGρEG + (1 − ηEG)ρPW (2)  

where ηEG is the mass fractions of EG in the binary PW/EG composites, 
which is determined by the feed mass ratio of Eg and solid PW. ρEG =

2.26 g/cm3 and ρPW = 0.852 g/cm3 are the densities of graphite and 
pure PW, respectively. As the mass fraction of EG increased from 2 wt% 

to 10 wt%, the porosity of the PW/EG composite increased from 8.45 % 
to 28.3 %, primarily due to the supersaturation of the pores of EG. When 
the mass fraction of EG reached 20 wt%, the porosity of the composite 
reached 49.7 %. The thermal energy storage characteristics of PW/EG 
composites would vary depending on their porosity. 

Shape stability and leakage resistance during melting/freezing are 
essential for the practical application of TESS, particularly in scenarios 
where volume change is limited. To evaluate shape stability and leakage 
prevention performance during the solid–liquid phase transition, PW/ 
EG composite samples with different EG mass fractions (0–20 wt%) were 
placed on aluminum foil or metal mesh and kept at 80 ◦C to ensure the 
solid–liquid phase transition (Fig. 5a and Fig. S7). After 1 min at 80 ◦C, 
pure PW had completely melted, while PW/EG composites containing 2 
wt% and 5 wt% EG began to soften and deform. PW/EG composites with 
an EG content higher than 8 wt% maintained good shape stability 
without leakage. The mass retention ratio (rm) of the PW/EG composites 
during leakage test was determined as follows: 

rm =
mt

m0
(3)  

where m0 represents the initial mass of the PW/EG composites before 
placement on the hot plate (80 ◦C), and mt denotes the mass of the PW/ 
EG composites after being on the hot plate for specific durations. It was 
observed that the mass retention of PW/EG composites with an EG 
content exceeding 8 wt% remained above 99 %, even after 48 h at 80 ◦C 
(Fig. 5b). The minimum mass fraction of EG required to maintain shape 

Fig. 4. Effects of EG proportion on the structure of PW/EG Composites. SEM images of PW/EG composites with (a) 2 wt% EG content, (b) 5 wt% EG content, (c) 15 
wt% EG content, and (d) 20 wt% EG content. (e) Measured density and theoretical density of PW/EG composites with different EG proportions. (f) The porosity of 
PW/EG composites with different EG proportions. The inserted schematics illustrate the structures of PW/EG composites with different proportions of EG. 
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stability in PW/EG composites prepared using the in situ encapsulation 
method in this study is 8 wt%, which is significantly lower than the 
approximately 20 wt% commonly reported for PW/EG composites [8] 
prepared using the impregnation method (Figs. S8 and S9). This can be 
primarily attributed to the high PCM absorption efficiency of EG during 
the in-situ encapsulation process, and the multilayer wrapping effect of 
excess EG during the intermittent irradiation-stirring process (Fig. 4f). 

Thermal conductivity is a crucial parameter for assessing the thermal 
energy storage performance of TESS. Enhanced thermal conductivity 
facilitates more rapid and efficient heat transfer. However, the low 
thermal conductivity of pure PW, at just 0.233 W/mK, hinders its use in 
thermal energy storage. By incorporating EG, the thermal conductivity 
of PW can be significantly increased due to the formation of a contin
uous thermal bridge structure [45]. For EG mass fractions of 2, 5, 8, 10, 
15, and 20 wt%, the thermal conductivities of PW/EG composites were 
found to be 0.43, 1.48, 3.39, 3.79, 5.03, and 7.46 W/mK, respectively 
(Fig. 5c). Compared to PW/EG composites prepared using the impreg
nation method (Fig. 1b), the composites prepared in this study using the 
in-situ encapsulation method demonstrated higher thermal conductivity 

for equivalent EG mass fractions. This is primarily due to the multilayer 
wrapping effect of excess EG during the intermittent irradiation-stirring 
process, which enhances the thermal bridge effect. 

The energy storage properties of PW/EG composites, including 
melting enthalpy (ΔHM), freezing enthalpy (ΔHF), peak melting tem
perature (TM), peak freezing temperature (TF), and subcooling temper
ature (TM-TF), were evaluated using DSC (Fig. S10). Due to its higher 
thermal conductivity, the melting temperature of the PW/EG composite 
is lower than that of pure PW (Fig. S11), leading to a favorable reduction 
in the supercooling temperature [8]. As the EG mass fraction increases, 
the peak area of DSC decreases, indicating a decrease in the latent heat 
of phase transition for the PW/EG composite. The ratio of freezing 
enthalpy to melting enthalpy (ΔHF/ΔHM) exceeds 98 % for all PW/EG 
composites, indicating the high thermal release/absorption efficiency of 
PW/EG composites as thermal energy storage materials (Fig. 5d). The 
latent heat of the PW/EG composite is influenced by factors such as the 
latent heat of pure PW, the proportion of pure PW in the composite, and 
the composite’s porosity. The freezing enthalpy for the PW/EG com
posite at 10 wt% EG is 140.37 J/g, which is 80.7 % of the 175.85 J/g for 

Fig. 5. Effect of EG proportion on Thermal Energy Storage Properties of PW/EG Composite. (a) Optical images of PW/EG composites heated on a hot plate 
maintained at 80 ◦C for varying durations. (b) Mass leakage over time, (c) Thermal conductivity, (d) Melting and freezing enthalpies of PW/EG composites with 
different EG proportions. (e) The linear fitting of porosity of PW/EG composite and normalized melting enthalpy retention. 

W. Li et al.                                                                                                                                                                                                                                       



Chemical Engineering Journal 481 (2024) 148541

7

pure PW and is lower than 90 wt% of the mass fraction of PW in the 
composite. When the EG mass fraction is increased to 20 wt%, the ratio 
of melting enthalpy (111.55 J/g) for the composite to that of pure PW 
drops to 64.2 %, significantly lower than 80 wt% of the mass fraction of 
PW. 

To investigate the impact of porosity on the latent heat of the PW/EG 
composite, we established the ratio of the freezing enthalpy of the PW/ 
EG composite to that of pure PW. This ratio is referred to as the ΔHF 
retention of the PW/EG composite. We then compared this ratio to the 
corresponding ratio of PW proportions, a value we defined as normal
ized ΔHF retention. As shown in Fig. 5e, there is a linear and negative 
correlation between porosity and normalized ΔHF retention for PW/EG 
composites, with a slope of −0.49 and an R-square value of 0.97 for its 
linear fit. The porosity of the PW/EG composite results in some PW 
covering the surface of graphene walls within EG, forming a thin 
coating. The molecular freedom of these PWs covered on the graphene 
surface is limited by the graphene surface, resulting in an incomplete 
solidified crystal structure and lower latent heat [46]. Increasing the 
amount of EG in the PW/EG composites leads to an increase in their 
porosity and specific surface area. This causes more PW to be con
strained by the surface tension of graphene, resulting in lower normal
ized ΔHF retention. A PW/EG composite with an EG content of 10 wt% 
can simultaneously achieve shape stability, high thermal conductivity, 
and good latent heat, making it suitable for further research. 

3.3. Cyclic heating-cooling performance of PW/EG composites 

PCMs for TESS must be able to withstand repeated heating and 
cooling cycles without degradation in thermal energy storage proper
ties. The thermal cycling performance of pure PW and PW/EG com
posites was investigated using DSC through continuous heating and 
cooling cycle tests (Fig. 6 and Fig. S12). For pure PW, the DSC curves for 
the first thermal cycle differ significantly from those for subsequent 
cycles, primarily due to its poor shape stability. During the first heating, 

the melted PW spread inside the DSC crucible (the inserted image in 
Fig. 6a). In subsequent DSC tests, its shape remains relatively stable, 
resulting in high repeatability for its DSC curves. The melting and 
freezing enthalpy of pure PW remained relatively constant during 2 to 
50 thermal cycles, indicating that pure PW can withstand repeated 
heating and cooling cycles without degradation in heat storage perfor
mance. PW/EG composites containing 10 wt% EG were prepared using 
in situ microwave irradiation (PW/EG-10 % composite), and their DSC 
curves showed little change during 100 thermal cycles, demonstrating 
excellent cyclic heat storage without degradation, excellent shape sta
bility, and good leak resistance. After 100 cycles, both latent heat and 
phase transition temperature remained almost constant, indicating 
thermal stability over time, making the PW/EG-10 % composite an ideal 
thermal energy storage medium for practical scenarios. The excellent 
thermal cycling performance of the PW/EG-10 % composite is primarily 
due to its unique multilayer graphene-wrapped EG-encapsulated PW 
structure (Fig. 4f), which prevents leakage and performance degradation 
during cyclic thermal operation. 

3.4. PW/EG-10 % composite covered TE modules for heat storage and 
recovery 

A huge amount of waste heat is widely available from natural re
sources or industries [47,48]. Thermoelectric (TE) modules can be used 
to convert waste heat into electricity, thereby improving energy effi
ciency, reducing greenhouse gas emissions, and promoting decarbon
ization. According to the Seebeck effect, the output voltage of a TE 
module is positively related to the temperature gradient (ΔT) between 
its hot end and cold sink [49]. Under passive cooling, when a heat source 
is provided to the hot end of a TE module, its cold end temperature 
increases rapidly due to its high thermal conductivity, resulting in a low 
ΔT and low output voltage (Fig. 7a). Additionally, waste heat sources 
are often intermittent, leading to unstable output voltage and limiting 
the application of TE modules in waste heat recovery [50]. Therefore, 

Fig. 6. Cyclic Heating-Cooling Performance of PW/EG-10% Composite. (a) DSC curves for 50 cyclic heating–cooling cycles of pure PW. (b) DSC curves for 100 cyclic 
heating–cooling cycles of PW/EG-10% composite prepared via the in situ microwave irradiation method. (c) Melting enthalpy (ΔHM) and freezing enthalpy (ΔHF), 
(d) Melting temperature (TM) and freezing temperature (TF) of pure PW and PW/EG-10% composite during thermal cycles. 
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there is an urgent need to develop a cost-effective method to maintain 
the ΔT of TE modules and overcome the intermittency of waste heat 
sources. 

The PW/EG composite can be attached at the cold end of the TE 
module, which can serve as a TESS to maintain the temperature of the 
cold end of the TE module and mitigate the intermittency of the heat 
source (Fig. 7b). When a heat source is provided, the temperature at the 
cold sink of the TE module can be maintained at the melting temperature 
of the PCM. Compared to bare TE modules under passive cooling, a PW/ 

EG composite-covered TE module (PW/EG-TE module) can generate a 
higher ΔT and larger output voltage. Moreover, when the heat source for 
the PW/EG-TE module is removed, the temperature at the former hot 
end drops to room temperature, while the former cold end remains at the 
melting temperature of PW, resulting in a reversed ΔT and output 
voltage. This PW/EG-TE module is expected to enhance thermoelectric 
conversion performance and serve as an energy storage system to miti
gate the intermittency of waste heat in practical applications. 

To test the concept, a PW/EG composite was assembled on a 

Fig. 7. PW/EG composite covered thermoelectric modules for heat storage and recovery. (a) Schematic diagram illustrating the temperature evolution of the TE 
module during the heat source on/off process. (b) Schematic diagram illustrating the temperature evolution of the PW/EG-TE module during the heat source on/off 
process. (c) Photographs of the bare TE module and the PW/EG-TE module. (d) Infrared images depicting the temperature evolution of both the bare TE module and 
the PW/EG-TE module during the heat source on/off process. (e) Output voltage, (f) Maximum output power and electricity generated by the bare TE module and the 
PW/EG-10 % composite covered TE module during the heat source on/off process. The heat source temperature was set at 125 ◦C. 
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commercial TE module, as shown in Fig. 7c and Fig. S13. A second bare 
TE module with identical technical specifications was used as a control 
and subjected to the same heat source. Upon placing on a hot plate 
(125 ◦C), the temperatures at both the hot (bottom side) and cold (top 
side) ends of the bare TE module increased rapidly, resulting in a ΔT of 
approximately 20 ◦C. However, this ΔT decreased to approximately 
10 ◦C within 2 min. When subjected to the heat source, the output 
voltage of the TE module rapidly increased to 0.4 V within 30 s before 
decreasing to 0.22 V within 2 min. Upon removal of the heat source and 
stabilization of the temperature at room temperature, the bare TE 
module generated a reverse voltage of approximately −0.2 V, which 
subsequently decreased to 0 within 2 min, as shown in Fig. 7d and e. In 
contrast, when subjected to the same heat source, the PW/EG-TE module 
reached a peak ΔT of approximately 40 ◦C, generating an output voltage 
of approximately 0.85 V. After 10 min, the temperature of the upper side 
stabilized at approximately 60 ◦C, which corresponds to the melting 
temperature of the PW, resulting in an ΔT of approximately 20 ◦C and an 
output voltage of approximately 0.45 V. Upon removal of the heat 
source and stabilization of the temperature at room temperature, the 
PW/EG-TE module generated a reverse voltage of approximately −0.3 
V, which gradually decreased to approximately −0.03 V within 20 min. 

The power of the bare TE module and PW/EG-TE module during the 
heat source on–off process was calculated using: 

Pmax =
VOC

2

4R
(4)  

where R = 3 Ω is the internal resistance of the TE module, as illustrated 
in Fig. 7f. The electricity generated during the heat source on–off process 
was calculated by integrating the power-time curve. During the heat 
source on–off process, the electricity generated by the bare TE module 
was 0.073 J. In contrast, the electricity generated by the PW/EG-TE 
module was 0.375 J, which is 5.14 times higher than that generated 
by the bare TE module under the same heat source on–off process. These 
results demonstrate that PW/EG composite can effectively enhance the 
thermo-electric conversion performance of the TE module and expand 
their practical applications. 

4. Conclusion 

This study has effectively demonstrated a rapid and energy-efficient 
one-pot encapsulation method for the in situ encapsulation of paraffin 
wax (PW) within the pores of expanded graphite (EG) using microwave 
irradiation. This innovative approach addresses the challenges associ
ated with traditional impregnation-based encapsulation processes, 
which are both time-consuming and energy-intensive. The PW/EG 
composites produced through this method exhibit impressive shape 
stability, no leakage even at high PW loading, and significantly 
enhanced thermal conductivity. Specifically, the PW/EG composite with 
10 wt% EG showcases a thermal conductivity of 3.7 W/mK, which is 
16.2 times higher than that of pure PW, a thermal release/absorption 
efficiency of approximately 99.5 %, and nearly 100 % capacity retention 
after thermal cycling. Furthermore, integrating PW/EG TESS with 
thermoelectric (TE) modules has been shown to increase TE power 
generation by five-fold, highlighting the potential of these composites in 
energy storage and conversion applications. This one-pot encapsulation 
method holds promise as a foundational technology for encapsulating 
various energy storage materials such as salt hydrates and fatty acids, 
thereby promoting decarbonization. Consequently, this work paves the 
way towards mitigating the intermittency of renewable energy genera
tion and achieving net-zero greenhouse gas emissions. 
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