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A B S T R A C T   

The extensive utilization of phase change materials (PCMs) for thermal energy harvesting, storage, and thermal 
management is often constrained by their inadequate thermal and electrical conductivity, form instability, and 
lack of photoabsorbance. To overcome these challenges, a phase change composite was prepared by vacuum 
infiltration of paraffin wax (PW) into a highly conductive scaffold of graphite panel (GP). Various PW grades with 
different phase change temperatures were tested to study their suitability for a wide range of applications. 
Graphite-based skeleton ensured high thermal and electrical conductivity and impeded liquid PW leakage in all 
composites. The composite thermal conductivity was enhanced up to 677 and 22 times that of PW in the axial 
and radial directions, respectively. The latent heat capacity of the composites varied between 88.5 and 102.7 J/g, 
depending on the PW grade. The composites are capable of harvesting thermal energy either by applying a small 
voltage of 1.8 V with a high electrothermal conversion efficiency of up to 71.1 % or by simulated sunlight with an 
excellent photothermal conversion efficiency of up to 76.5 %. The simple fabricating technique, a broad range of 
applications with different PW grades, and their efficient thermal properties meet the requirements for wide-
spread utilization in thermal energy harvesting, storage, and thermal management of electronics, buildings, etc.   

1. Introduction 

Nowadays, switching to renewable energy resources is indispensable 
to reduce the dependence on conventional resources considering their 
depletion and environmental issues [1,2]. The rapid rise in demand for 
thermal comfort in the building sector necessitates higher energy con-
sumption for air conditioning, ventilation, and heating systems. Solar 
energy is the most abundant renewable energy resource that can be 
either directly utilized for thermal energy or indirectly by photothermal 
or photovoltaic conversions. However, owing to its intermittent char-
acteristics, solar energy cannot satisfy the continuous energy demand. 
Phase change materials (PCMs) are ideal candidates for the storage and 
release of thermal energy as latent heat during its phase change [3,4]. 
Therefore, excess solar thermal energy and photo-driven energy can be 
stored during solar irradiation to ensure a continuous energy supply [5]. 
In addition to solar photothermal conversion, electrothermal harvesting 
techniques are also important to ensure the reliable utilization of 
renewable energy sources [6]. During electro-thermal harvesting, Joule 
heat is generated while the electrons (i.e., electricity) move through an 
electrical conductor. The excess electricity from the off-peak hours can 

serve as the source for electro-driven thermal energy harvesting [7]. 
Moreover, thermal energy harvested from low voltages can be a good 
choice for the thermal management of electronic devices and batteries in 
cold regions [8–10]. To ensure the proper functioning of electronic 
equipment, the thermal management system should consist of a pre-
heater and a heat storage system that should operate at very low volt-
ages [10–12]. Composites of PCMs with superior thermal and electrical 
conductivity can be used as a preheater and heat storage system [11,13]. 

Organic PCMs including paraffin wax (PW) are widely being studied 
due to their thermal and chemical stability, high enthalpy, availability at 
various melting points, nontoxicity, and low cost [14,15]. Despite these 
advantages, paraffin has a low thermal conductivity that affects the 
storage/release rates [16–18]. Moreover, their usage in energy har-
vesting techniques including photo/electrothermal conversion is limited 
owing to poor photoabsorption or electrical conductivity [19–21]. The 
lack of shape stability or leakage of PCMs during melting not only cre-
ates compatibility issues but reduces the efficiency by decreasing the 
latent heat capacity [22–24]. 

Recently, composite PCMs have been prepared by adding conductive 
fillers such as carbon nanotubes [16,25,26], graphene oxide [27–29], 
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graphite nanoplatelets [16,30,31], expanded graphite [32,33], and 
carbon nanofibers [34,35] to the PCMs for enhancing the conductivities 
and photoabsorption. However, the obtained composites exhibited un-
satisfactory effective thermal conductivities due to the thermal junction 
resistances of the nanofillers [36]. For example, the thermal conduc-
tivity of PW increased from 0.2 to 3.98 W/m.K by blending with 35 % of 
Ag nanoparticle-modified expanded graphite [37]. Attaining a conduc-
tive percolation network and mitigating the interfacial thermal resis-
tance between nano additives and PCM necessitates a significant 
proportion of nano additives. However, the thermal energy storage ca-
pacity is compromised due to the presence of inactive mass [38–40]. On 
the other hand, three-dimensional porous networks of foams 
[20,31,41–43] or aerogels [44–46] as supporting matrices for PCMs 
provide highly conductive pathways and sufficient PCM loading. Ther-
mal conductivity of 2.6 W/m.K was obtained for 78 % PW infiltrated in 
expanded graphite foam [47]. However, carbon black-reinforced 
expanded graphite foam further increased the thermal conductivity to 
10.5 and 20.5 W/m.K in the solid and liquid states, respectively [48]. 
Yang et al. [49] incorporated 89 % of PW into MoS2-modified melamine 
foam by vacuum infiltration with exceptional photothermal properties. 
Wu et al. coated the melamine foam with polydopamine to increase the 
photothermal conversion of the composite [50]. The photothermal 
conversion efficiency of 76.1 % was obtained for PW-infiltrated graphite 
foam [51]. However, these techniques often pose certain disadvantages 
of PCM leakage due to the uncompacted structure of the scaffold, 
complex synthesis, high fabrication costs, and limited availability for 
practical applications [52,53]. 

Graphite panels (GP) have the advantage of high thermal and elec-
trical conductivity, photoabsorbance, a broad variety of material bulk 
density, and a large specific area of the pores. GPs are widely used for 
thermal management applications in solar cells due to their highly 
conductive and heat-sink properties [54–56]. Its pore characteristics 
prevent liquid PCM leakage by embedding of PCMs into the micro pores. 
Although PCM loading in GP will be lower than that of foams, thermal 
stability can be ensured without any liquid PCM leakage even after 
several thermal cycles. A wide variety of GPs are available in the market 
with variable density (0.7–1.8 g/cc), thermal conductivity (150–490 W/ 
m.K in the axial direction and 4.9–5.8 W/m.K in the radial direction) 
and electrical resistivity (7–15 μΩm in the axial direction and 600–950 
μΩm in the radial direction). Depending on the application including 
space and water heating, thermal management of solar cells, electronics, 
buildings, etc., PW of various phase change temperatures can be infil-
trated into GP. 

The high radial thermal conductivity and photoabsorbance of the 
composite can provide effective photothermal conversion and storage. 
Moreover, the composite's high axial thermal and electrical conductivity 
helps to generate and store excellent Joule heat at very low voltages in a 
short period. The simple fabrication technique and different range of 
applications made this study different from others. 

In this work, we utilize GP as a highly conductive and photo- 
absorptive framework to accommodate different types of PWs as PCM. 
The vacuum-infiltrated PW in the micropores of GP relatively reduces 
the leakage issue even after several consecutive heating and cooling 
cycles. Furthermore, excellent photo/electrothermal conversion effi-
ciency was determined from the temperature evolution curves. 

2. Experimental 

2.1. Materials 

Graphite panel (GP, SIGRATHERM, SGL Carbon GmbH, Germany, 
the density of 0.7 g/cm3, thickness of 2 mm, and porosity of 0.7) and 
Paraffin Wax (PW, Grade RT35, RT44, RT54, and RT64, Rubitherm 
Technologies, Germany, the melting point of 35 ◦C, 44 ◦C, 54 ◦C, and 64 
◦C, respectively) were used for GP_PW composite preparation. 

2.2. Preparation of GP_PW composites 

The GP_PW composites were formed by vacuum impregnation 
technique. The particular PW (RT35, RT44, RT54, and RT64) was 
melted at 100 ◦C and the GP was completely immersed in the liquid PW 
and transferred to a vacuum oven at 50 kPa of vacuum for 24 h. Then the 
GP_PW composites were removed from the oven above its melting 
temperature and the excess wax around the sample was wiped out using 
a cotton tissue. The PW loadings on the GP_PW composites coded as 
GP_RT35, GP_RT44, GP_RT54, and GP_RT64 were determined gravi-
metrically by measuring the difference in weight before and after vac-
uum impregnation. 

2.3. Characterization 

The fracture surfaces of GP and GP_PW composite were obtained by a 
scanning electron microscope operating at 20 kV (Nova Nano SEM 450). 
The specimens were immersed in liquid nitrogen for 30 s before 
breaking to obtain the brittle fracture surfaces of the specimen. 

The chemical composition of the samples was analyzed by Fourier- 
transform infrared spectroscopy (FTIR Spectrometer Frontier, Perki-
nElmer, USA) using an attenuated total reflectance accessory. The 
composite scans in the middle infrared region (4000–500 cm− 1) were 
obtained using a ZnSe crystal with a resolution of 4 cm− 1 at approxi-
mately 1.66 pm penetration depth. High spectral quality was ensured by 
good contact between the sample and crystal using a pressure clamp. 
The X-ray diffraction patterns of pure PWs and the composites were 
obtained using a PAN Analytical® EMPYREAN instrument with Cu-Kα 
radiations. The scan was carried out for 2θ values between 10◦ and 90◦

with a step size of 0.01◦. 
The phase change properties of the PW and GP_PW composites were 

examined by differential scanning calorimeter (DSC 214 Polyma, 
NETZSCH-Gerätebau GmbH, Germany) at a heating/cooling rate of 10 
◦C/min in a nitrogen atmosphere. Thermal cycling analysis was carried 
out on GP_RT35 composite for 75 cycles at a heating/cooling rate of 10 
◦C/min using DSC. The thermal stability was determined using ther-
mogravimetric analysis (TGA) and the corresponding first derivative of 
TGA (DTG) from room temperature to 600 ◦C with a heating rate of 10 
◦C/min in a nitrogen atmosphere using TGA 4000 (PerkinElmer, USA) 
analyzer. 

The leakage of the GP_PW composites was determined to charac-
terize the mass loss of PW from 5 × 5 × 0.2 cm samples by gravimetric 
measurements. The samples were placed in an oven at 80 ◦C for 2 weeks 
and measured the weight using an analytical balance, subsequently, the 
weight loss was calculated according to Eq. (1): 

Weight loss of PW(%) =

(
mi − mf

)

mi × w
× 100, (1)  

where mi is the initial sample mass, mf is the actual sample mass after 2 
weeks in the oven and w is the mass fraction of PW in the composite. 

The thermal conductivity of GP and the PCM composites were 
assessed using a thermal constant analyzer (TCA) with the transient 
plane source at 21 ◦C (TPS 2500, Hotdisk, Sweden) with a measurement 
accuracy of ±3 %. Due to the layered structure of graphite in GP, the 
thermal conductivity differs for axial and radial directions. The axial 
thermal conductivity was measured using the slab module in the TCA 
with 8 cm × 8 cm square samples as shown in Fig. 1a. To measure the 
radial thermal conductivity, the isotropic module in TCA was used with 
a cylindrical sample of diameter 6.5 mm (which is equal to the diameter 
of the TCA sensor used) and 2 mm thick for GP and GP_PW composites as 
shown in Fig. 1b. 

2.4. Photothermal conversion testing 

The photothermal conversion test was conducted under simulated 
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irradiation using a solar simulator (Sunlite, ABET Technologies). The 
GP_PW composites of size 4 × 4 × 0.2 cm were placed inside a foam box 
and the solar simulator was irradiated under a constant intensity of 
1000 W/m2. The changes in the temperature and heat flux on the sample 
during the energy conversion and storage process were obtained using a 
heat flux sensor (Captec, France) and a T-type thermocouple. The data 
collection and analysis were carried out using a CR1000X datalogger 
(CampBell Scientific, USA). Fig. 2 shows the experimental setup used for 
the photothermal conversion test. 

2.5. Resistivity measurement and electrothermal conversion testing 

The electrical resistivity (ρ) of GP and GP_PW composites were 
calculated according to Ohm's law while applying a constant voltage 
through the sample (of size 8 × 2 × 30 mm): 

ρ =
VA
IL

(2)  

where V is the applied voltage, A is the area of the cross-section of the 
test sample (i.e., 16 mm2), I is the measured current and L is the length of 
the test sample (i.e., 30 mm). 

The electrothermal conversion testing of the GP_PW composites was 
conducted on sheet-size samples of 4 × 4 × 0.2 cm as shown in Fig. 3. A 
certain bias (1.4–2.0 V) was applied to the sample using a DC power 
supply for a specific time (i.e., 5, 7, or 20 min for different samples). The 
variation of temperature on the sample surface was measured using a T- 
type thermocouple during the heating and cooling cycles. The mea-
surements were recorded at 5-sec intervals using a CR1000X datalogger 
(CampBell Scientific, USA). 

3. Results and discussion 

3.1. Microstructure of composites 

The cross-section of the GP and GP_PW composite specimens has 
been studied using SEM analysis. Fig. 4 shows the SEM images of the GP 
and GP_RT44 composite. The GP shows a plate-like structure where flat 
graphite layers are closely attached to form a sheet with high porosity (i. 
e., 70 %, estimated from the density calculations). The oxygen func-
tional groups formed between the surface layers of the natural graphite 
during the exfoliation process resulted in the laminated structure of GP. 
Although a strong chemical carbon bond exists within the graphite layer, 
two layers were connected via the van der Waals force. The micropores 
between the graphite layers are filled by PW during the melt impreg-
nation of PW into GP assisted by vacuum as seen in Fig. 4b. 

3.2. Chemical composition 

The chemical composition and structural integration of pure PWs 
and GP were characterized by FTIR spectroscopy. Fig. 5 presents the 
FTIR spectrum of different PWs and GP_PW composites prepared in this 
study. The absorption spectra of pure PWs showed asymmetric and 

Fig. 1. Schematic (top) and photographic representation of (a) axial thermal conductivity measurement using the slab module, and (b) radial thermal conductivity 
using the isotropic module in TCA. 

Fig. 2. The experimental setup for the photothermal conversion and storage 
performance measuring system. 
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symmetric stretching vibration of aliphatic hydrocarbons at region 2915 
and 2848 cm− 1, respectively (Fig. 5a). The in-plane vibration of CH2 and 
CH3 are located at 1472 cm− 1 (1464 cm− 1 for RT64, 941 cm− 1 for RT54) 
and 1370 cm− 1, respectively. The rocking vibration of the same group is 
found at 720 cm− 1. In addition to that, an intense absorption peak can be 
seen for RT54 at 1716 cm− 1 due to the characteristic C––O stretching 
vibration of carboxylic groups of fatty acids [57]. Similarly, for RT64, 
absorption peaks are observed at 3340 and 1064 cm− 1 corresponding to 
O–H stretching and C–O vibration, respectively [58]. However, FTIR 
investigations of the prepared graphite composites were difficult due to 
their intractability to infrared absorption characteristics [59]. Never-
theless, FTIR of composite samples indicate functional group of PWs 
after fabrication and incorporation to structure (Fig. 5b). 

XRD was further used to characterize pure PWs and GP_PW com-
posites as depicted in Fig. 6. Graphite structure was clearly indicated by 
peaks at 2θ = 26.5◦ and 54.5◦ corresponding to planes (002) and (004). 
Samples with incorporated wax showed diffraction peaks at 2θ = 21.6◦

and 24.0◦, which are ascribed to the characteristic monoclinic paraffin- 
based structures with the (110) and (200) crystal planes, respectively 
[60]. 

3.3. Thermophysical properties of composites 

The phase change temperature and latent heat of pure PW (i.e., 
RT35, RT44, RT54, and RT64) and GP_PW composites (i.e., GP_RT35, 
GP_RT44, GP_RT54, and GP_RT64) were measured using DSC analysis 
(Fig. 7). Table 1 shows the thermal characteristics of the samples as 
obtained from DSC. It can be observed from the DSC curves (Fig. 7) that 
RT44, RT64, and their composites have two endothermic and 

exothermic peaks during heating and cooling due to the existence of 
alkanes of different molecular weights. Although the two peaks are close 
during melting for RT44, RT64, and their composites as seen in Fig. 7a, 
two distinct peaks are observed during crystallization as shown in 
Fig. 7b. The solid-liquid transition peak of GP_PW composites (i.e., Tm) 
was slightly varied from pure PW as shown in Table 1 and Fig. 7a. 
However, the liquid-solid transition peak (i.e., Tc) was decreased by 
2.2–4.6 ◦C in the composite than pure PW. This reduced phase change 
temperature of the composites than pure PW is due to the confinement of 
PW in the microscopic pores of GP, which prevents molecular motion 
during the phase change process [61]. The reproducibility of the energy 
storage and release of GP_RT35 composite (as it was the best composite 
in terms of energy conversion and storage efficiency in this study) was 
verified by conducting 75 cycles of heating and cooling in DSC as shown 
in Fig. 8. The variations in phase change temperature and the latent heat 
are insignificant and the composite is stable after several thermal cycles. 
Moreover, the FTIR and XRD plots of the GP_RT35 composite look 
similar before and after thermal cycles confirming the unchanged 
chemical structure of the composite after cycling. 

The latent heat capacities of the composites were significantly 
reduced from that of pure PW. It is because that GP cannot contribute to 
the heat storage capacity but rather supports PW and improves thermal 
conductivity. The discrepancy in the latent heat from the DSC (i.e., ΔHm) 
and calculated value from the PW loading (i.e., ΔHmcalc) was due to the 
uneven distribution of PW in the GP matrix. The macroscopic hetero-
geneity of the composite will not be accounted for in DSC measurements 
as the sample size is relatively small (i.e., 5–10 mg). However, all 
measurements are repeated in triplicates, and the mean and standard 
deviations are reported in Table 1. 

Fig. 3. The experimental setup for the electrothermal energy conversion and storage performance measuring system.  

Fig. 4. SEM images of (a) GP, and (b) GP_RT44 composite.  
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Fig. 5. FTIR spectra of (a) pure PWs, and (b) GP and GP_PW composites.  

Fig. 6. XRD patterns of (a) pure PWs, and (b) GP and GP_PW composites.  
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The thermal stability of PW and GP_PW composites was evaluated 
from the TGA curves as displayed in Fig. 9. Pure PWs and their respec-
tive composites start to be degraded at the same temperature denoted as 
Ti-d in Fig. 9b (inset table). 100 % of weight loss occurs at 280 ◦C and 
310 ◦C for RT54 and RT64 PWs, which is different for their respective 
composites, as shown in Fig. 9b (inset table, column Tf-d). However, 
RT35 and RT44 exhibited the same temperature range for degradation 
of PW in their respective composites as given in Fig. 9b, inset table. The 
total weight loss percentage was obtained as shown in Fig. 9b, which 
varies negligibly with the mass fraction obtained from the weight 
calculations. 

The form stability is another crucial factor for energy storage ap-
plications with PCMs. The leakage of PW from the composite was esti-
mated by the weight loss calculations when placed in an oven at 80 ◦C in 
a long-term heating stress experiment for two weeks. Importantly, the 
results show that the composites exhibited only a negligible leakage of 
2.5 % of PW after two weeks. Fig. 10 shows the images of the composite 
before and after the leakage test (after 14 days). As the PW leakage was 
very small, no traces of melted PW were visible on the tissue paper even 
after 14 days of heating in the oven. In this case, the dense graphite 
panel accommodates the melted PW and inhibits the massive leakage of 
PW by the capillary force in the micropores and van der Waals attraction 

between GP and PW. Therefore, the results from the long-term thermal 
stressed condition and cyclic DSC test indicate the thermo-physical 
stability of GP_PW. 

3.4. Thermal conductivity and electrical resistivity 

Thermal conductivity is a crucial parameter that influences the 
thermal transfer rate for practical applications. The thermal conduc-
tivity of pure PW was very low (i.e., 0.20 W/m.K), whereas the sup-
porting GP has a different thermal conductivity in the axial (i.e., 142.4 
W/m.K) and radial (i.e., 5.55 W/m.K) directions. Therefore, the GP_PW 
composites also exhibited different thermal conductivity values in both 
directions. In this study, the photothermal conversion efficiency is 
affected by the radial thermal conductivity whereas electrothermal 
conversion efficiency was influenced by the axial thermal conductivity. 
Therefore, both the thermal conductivities were measured using TCA for 
each composite and the findings are given in Fig. 11a. The axial and 
radial thermal conductivities of the GP_PW composites varied in the 
range 134.2–136.1 W/m.K and 4.32–4.41 W/m.K, respectively, which is 
677 and 22 times more than the thermal conductivity of pure PW. On the 
other hand, the introduction of PW reduced the thermal conductivity of 
GP by 5 % and 21 % in the axial and radial directions, respectively. The 

Fig. 7. DSC curves of PW and GP_PW Composite; (a) for heating, and (b) for cooling.  

Table 1 
Thermal characteristics of PW and GP_PW composites from DSC and latent heat calculated from PW loading.a  

Sample Heating Cooling PW content from mass calculation (%) ΔHmcalc (J/g) Enthalpy efficiency (%) 
ΔHc/ΔHmcalc Tm (◦C) ΔHm (J/g) Tc (◦C) ΔHc (J/g) 

RT35  33.9 227.6 (0.2)  31.8 227.4 (0.1)    
GP_RT35  34.1 96.7 (1.6)  29.6 93.4 (1.8) 41.8 (1.4)  95.1  98.2 
RT44  45.7 233.4 (0.1)  39.5 231.3 (0.1)    
GP_RT44  44.3 102.7 (1.7)  37.1 101.6 (1.5) 43.8 (1.4)  96.4  105.4 
RT54  54.2 192.4 (0.1)  50.5 193.9 (0.1)    
GP_RT54  54.6 88.5 (1.9)  45.9 89.0 (1.8) 43.7 (1.1)  84.1  105.8 
RT64  67.0 231.4 (0.2)  60.2 225.9 (0.1)    
GP_RT64  66.3 92.6 (2.0)  57.1 91.8 (1.8) 39.2 (1.0)  88.4  103.8  

a Standard deviation from three samples is shown in the parenthesis. 
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thermal conductivities of the composites in this study were very high 
compared to the previously reported PW-based composite PCMs in 
Table 2. Therefore, the GP_PW composites improve the thermal transfer 
during the photothermal and electrothermal conversion process 
compared to pure PW. 

The electrical resistivity of the GP_PW composites was tested by 
applying different voltages (i.e., 0.15–1.5 V) and measuring the current 
in the sample (of size 8 × 2 × 30 mm) using a DC power supply (Eq. (2)). 
The mean and standard deviations of resistivity for GP and GP_PW 
composites are shown in Fig. 11b. The plots for applied voltage and 
corresponding measured current for GP and GP_PW composites are 
provided in Fig. S1 in the Supplementary material. The resistivity of GP 
was very low (0.84 mΩ.m), suggesting that GP is highly conductive to 
electricity. The impregnation of PW in GP increased the resistivity of the 
composite by 2.15–2.65 times that of GP. 

3.5. Photothermal conversion 

Fig. 12 shows the heat flux and temperature-time plots of GP and 
GP_PW composites of size 4 × 4 cm2 (i.e., GP_RT35, GP_RT44, and 
GP_RT54) under the simulated solar irradiation of 1000 W/m2 for 20 
min. The heat flux and temperatures below the sample were recorded 
using a heat flux sensor and a T-type thermocouple equipped with a data 
logger. The sample was placed in an insulation box where the heat loss 
can be neglected except through the top surface of the sample. 

As indicated in Fig. 12a, the temperature of GP increases rapidly with 
time during solar irradiation and attains a steady state temperature of 
around 64 ◦C after 5 min of exposure. The heat flux passing through the 
samples increases rapidly with time at the beginning of solar irradiation 
due to a rapid rise in temperature (Fig. 12). The heat flux evolution of GP 
shows that the heat transfer gradually decreases from the peak due to the 
convective heat transfer to the air on the sample top surface and reaches 

Fig. 8. Thermal cycle results for GP_RT35 (a) DSC curves, (b) FTIR spectra, and (c) XRD pattern of samples before and after DSC thermal cycles.  

Fig. 9. (a) TGA, and (b) DTG curves for the PWs and GP_PW composites.  
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a steady-state condition. However, for GP_PW composites, the heat flux 
decreases from the initial peak indicating the start of phase change. The 
conductive heat flux passing through the composite during this time is 
partially absorbed for the melting of PW, decreasing the temperature 
rise. Therefore, a temperature plateau was observed for GP_PW com-
posites near the melting temperature as seen in Fig. 12a. While PW 
completes melting, the heat flux also increases and attains a steady state 
as in the case of GP. The fluctuations or noises associated with the heat 
flux measurements are ascribed to the impact of the surrounding air on 
the sample top surface. 

The photothermal conversion and storage efficiency (ηp) were 
calculated by the ratio of the latent heat of the paraffin (i.e., the mass of 
the composite (m) times its enthalpy (ΔH)) to the energy of simulated 
solar light during a phase change (i.e., the product of the intensity of 
applied light source (P), the exposed surface area of the sample (S) and 
time taken for phase change (Δt)). Therefore, the storage efficiency is, 

ηp =
mΔH
PSΔt

(3)  

considering all the paraffin in the composite took part in the phase 
change. 

The calculated efficiencies of the composites under similar experi-
mental conditions are given in Table 3. The efficiency was decreased 
from 76.5 % to 31.3 % with an increase in phase change temperature (i. 
e., GP_RT35 > GP_RT44 > GP_RT54 > GP_RT64) due to the increase in 
time taken for phase change as shown in Fig. 12. This could be due to the 

increased convective heat loss from the sample surface with an increase 
in temperature. Therefore, the convective heat loss during the phase 
change process for GP_RT64 will be higher compared to GP_RT35 and 
thereby increase the time required to complete the phase change. The 
photothermal conversion efficiency of GP_RT35 was comparable with 
PW-based PCM composites reported in previous literature (Table 2) and 
are promising candidates for solar energy storage systems. 

Once the light was off, a rapid drop in temperature was observed for 
GP. However, for GP_PW composites a gentle decrease in temperature 
indicates the sensible thermal energy release followed by latent heat 
release as indicated by the temperature plateau in Fig. 12a. The duration 
for temperature plateau for GP_RT64 composite was significantly less 
than other composites due to the convective energy loss. The two 
exothermic peaks of GP_RT64 and GP_RT44 were clear in the cooling 
curve, while for GP_RT35 it was difficult to identify as the latent heat 
release by the composite was not complete in Fig. 12. The two crystal-
lization peaks of the composites GP_RT64, GP_RT44, and GP_RT35 were 
also observed in DSC curves (Fig. 7) due to the existence of alkanes of 
different molecular weight. 

The repeatability of the measurements was validated through 10 
cycles of heating and cooling by the solar exposure and the heat flux and 
temperature-time evolutions show negligible variation as shown in 
Fig. 13. 

Fig. 10. The images of the composites (a) before and (b) after the leakage test.  

Fig. 11. (a) The axial (empty circle) and radial (empty square) thermal conductivity, and (b) axial electrical resistivity of GP and GP_PW composites.  
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3.6. Electrothermal conversion 

The performance of electrothermal conversion of the GP_PW com-
posite was evaluated in this work by applying a certain bias across the 
sample. Excellent Joule's heat was generated in the composite when a 
steady voltage of 1.2–2.0 V is applied for a certain time (i.e., 4, 7, 20 
min) due to its high electrical conductivity. The temperature evolution 
with time for GP and GP_PW composites is shown in Fig. 14. 

A rapid increase in temperature was observed in the samples due to 

the fast response of GP for electrothermal conversion. After 4 min of 
exposure to constant voltage, GP raised the temperature from 58 ◦C to 
116 ◦C with an increase in voltage from 1.2 V to 2.0 V. Since the pro-
duced heat is not stored by GP (i.e., the specific heat capacity of GP is 
very low, 0.75 J/g.◦C), the sample temperature decreased rapidly once 
the voltage ceased. However, the PW in the GP_PW composites can store 
the generated heat as sensible and latent heat. A temperature plateau 
observed for GP_PW composites near the melting temperature indicates 
the phase change of PW and latent heat storage as seen in the curves of 
Fig. 14b–e. The GP_PW composite stored the heat before and after the 
phase change as solid and liquid sensible heat, respectively. The tem-
perature increases with the applied voltage, and the generated thermal 
energy was stored as sensible and latent heat by the PW. Although the 
latent heat stored at different voltages is constant, the time required to 
complete the phase change decreases with the increase in voltage due to 
the reduction in the convective energy losses to the surroundings. Since 
a voltage bias of 1.2 V requires more time to complete the phase change 
of PW, the experiments for GP_PW composites were conducted for 1.4 V, 
1.6 V, 1.8 V, and 2.0 V. 

The electrothermal conversion and storage efficiency (ηe) of the 
composite are computed from Eq. (4). 

ηe =
mΔH
VIΔt

, (4)  

where V is the applied voltage, and I is the measured current. The 
calculated electrothermal conversion efficiencies of each composite at 
different voltages are presented in Fig. 15a and Tables S1–S4 (Supple-
mentary material). The electrothermal conversion efficiency of the 
GP_RT35 composite at 1.8 V was comparable with other PW-based 
composites reported in the literature (Table 4). 

After the constant voltage ceased, the stored sensible and latent heat 
were released as indicated by the temperature evolution curve. 
Depending on the amount of liquid sensible storage, the crystallization 
of PW initializes at different times for the same composite heated at 
different voltages. For instance, the crystallization of GP_RT35 com-
posite starts at 695, 815, and 910 s for 1.4, 1.6, and 1.8 V voltage biases 

Table 2 
Comparison of thermal properties of PW-based PCM composites reported in the 
literature with this work.  

Supporting 
materials of PW 

Thermal 
conductivity 
(W/m. K) 

Latent 
heat (J/ 
g) 

Photothermal 
conversion 
efficiency (%) 

Reference 

Modified melamine 
foam/graphene 

0.59  130.61 79.4 [62] 

Oxygen-deficient 
TiO2/reduced GO 
aerogel 

1.22  140.2 89.9 [63] 

Carbon foam –  221.1 67.4 [64] 
Modified blast 

furnace slag 
0.25  36.4 – [65] 

Reduce graphene 
oxide/zirconium 
carbide co- 
modified 
melamine sponge 

0.62  137.2 81 [66] 

Reduced graphene 
oxide sponge 

0.25  143 88.7 [67] 

Melamine foam/ 
graphene oxide/ 
graphene 
nanoparticles 

1.46  155.5 88 [68] 

Expanded 
graphite/carbon 
black 

5.77 (solid) 
10.54 (liquid)  

142.6 60.1 [48] 

Expanded 
graphite/ 
thermoplastic 
elastomer 

2.2  145.5 72 [69] 

Copper foam/ 
reduced 
graphene oxide 

1.13  111.5 86.7 [70] 

Polyolefin 
elastomer/ 
expanded 
graphite 

1.413  126.7 58.2 [71] 

Graphite panel 4.4 (radial) 
135.6 (axial)  

96.7 76.5 This work  

Fig. 12. (a) Temperature-time evolution curves and (b) heat flux-time evolution curves of GP and GP_PW composites during photothermal conversion study.  

Table 3 
Photothermal conversion and storage performance of GP_PW composites.  

Composites GP_RT35 GP_RT44 GP_RT54 GP_RT64 

Phase change duration (s)  300  450  655  760 
Input energy (J)  480  720  1048  1216 
Stored energy (J)  368  400  372  380 
Energy storage efficiency (%)  76.5  55.6  35.5  31.3  
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as the maximum temperatures were 47.5, 60.5, and 72.5 ◦C, respec-
tively. However, the time taken for liquid-solid phase change remains 
the same for each composite at different voltage biases. The two 
exothermic peaks for GP-RT35, GP_RT44, and GP_RT64 are observed 
from the two temperature plateaus in the cooling curve. As the endo-
thermic peaks are closer and the solid-liquid phase change occurs faster, 
two plateaus are not observed in the heating curve of GP_RT44 and 
GP_RT64. As observed from Fig. 14b–e, the composites can maintain a 
constant temperature for a long period during cooling compared to 
heating indicating their effectiveness for thermal management. The total 
time required to complete solid-liquid and liquid-solid phase change for 
each composite at different voltages is given in Table 5. As given in 
Table 5, the composite GP_RT35 requires 130 s to complete phase 
change at 1.8 V. After the voltage ceased, the composite can remain in 
the temperature range of 35–27 ◦C for 1820 s. Similarly, the cooling and 
electrical heating time for other composites are given in Table 3. 
Although the heating and cooling time includes the convection heat loss, 
it is more prominent during cooling. Therefore, the actual time for phase 
change was estimated by subtracting the time for convective heat 
transfer, which was determined from Newton's law of cooling (Supple-
mentary material). 

The effectiveness of GP_PW composites for thermal management was 
evaluated by estimating the ratio of cooling time and electrical heating 
time as given in Fig. 15b. The results show that the time for cooling is 
1.2–11.2 times more compared to the time required for electrical heat-
ing. On other hand, a small voltage (1.4–2.0 V) applied on GP_PW 
composites for a short period can maintain the required temperature for 

a long time. Therefore, the composites are effective in the thermal 
management of electronic devices in cold regions to maintain the 
working temperature by electrical heating. However, the cooling time 
can vary with the type of composite and the ambient temperature. 

4. Conclusions 

The GP_PW composites with excellent thermal conductivity and 
photo/electrothermal energy conversion ability were fabricated by 
vacuum infiltration of PW into GP. The performance of composites was 
evaluated with PWs of different phase change temperatures to study 
their suitability in various applications. The capillary and van der Waals 
attraction forces among the GP and PW prevent the leakage of PWs from 
the pores of GP. The thermal conductivity of the composite was 
increased up to 677 and 22 times that of pure PW in the axial and radial 
directions, respectively, with exceptional thermal conductivity for PCM 
materials. Excellent photoabsorbance and radial thermal conductivity of 
the composites provided higher photothermal conversion efficiency. 
The higher axial thermal and electrical conductivity of the composite 
enhanced the electrothermal conversion efficiency. However, the effi-
ciency decreases with the increase in the phase change temperature due 
to the convective energy loss from the composite surface. The compos-
ites exhibited excellent thermal cyclic as well as long-term thermal stress 
stability. The latent heat capacity of the composites varied between 88.5 
and 102.7 J/g. The photo and electrothermal conversion efficiencies of 
the GP_RT35 composite were 76.5 % and 71.1 % at 1.8 V, respectively. 
The simple fabricating technique, the applicability of different PWs of 

Fig. 13. (a) The temperature and (b) heat flux-time evolution curves of GP and GP_PW composites tested at 10 cycles of heating and cooling during the photothermal 
conversion study. 
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Fig. 14. Temperature-time evolution curves for (a) GP, (b) GP_RT35, (b) GP_RT44, (b) GP_RT54, (b) GP_RT64 at constant voltages of 1.4, 1.6, 1.8, and 2.0 V and (b) 
GP_RT64 at 2.0 V for 20 cycles during electrothermal conversion study. 

Fig. 15. (a) The electrothermal conversion efficiencies of the GP_PW composites at different voltages, (b) The effectiveness of GP_PW composites for thermal 
management in terms of the ratio of cooling time and electrical heating time. 

Table 4 
Comparison of electrothermal conversion performance of PW-based PCM composites reported in the literature with this work.  

Supporting materials of PW Thermal conductivity (W/m. 
K) 

Latent heat (J/ 
g) 

Electrothermal conversion efficiency 
(%) 

Voltage (V) Ref. 

Biomass-derived 3D carbon scaffold 0.53  182.2  81.1  3.0 [72] 
Melamine foam/graphene oxide/graphene 

nanoplatelet 
1.46  155.5  62.5  2.9 [68] 

Graphite foams 1.38  209.2  74.6  5.0 [51] 
Carbon cloth –  93.6  67.4  4.0 [73] 
Graphitic carbon foam –  120.2  74.0  3.6 [21] 
Carbon aerogel –  115.2  71.4  15.0 [74] 
Graphite panel 4.4 (radial) 

135.6 (axial)  
96.7  71.1  1.8 This 

work  
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various phase change properties, and their efficient thermal properties 
suit them for a wide variety of applications in thermal storage, thermal 
management of electronics, buildings, etc. 

CRediT authorship contribution statement 

Safna Nishad: Conceptualization, Methodology, Investigation, 
Formal analysis, Data curation, Validation, Writing – original draft. 
Peter Kasak: Methodology, Resources, Supervision, Writing – review & 
editing. Igor Krupa: Conceptualization, Methodology, Validation, Re-
sources, Supervision, Project administration, Funding acquisition, 
Writing – review & editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data is contained within the article. 

Acknowledgment 

SEM was accomplished in the Central Laboratories Unit, Qatar Uni-
versity. The authors greatly acknowledge Dr. Zubair Ahmad (Qatar 
University) for providing the solar simulator. Authors thank Dr. Patrik 
Sobolciak and Abdul Jaleel (Qatar University) for their assistance in the 
experiments. Open Access funding provided by the Qatar National 
Library. 

Funding 

This research was funded by the Qatar National Research Fund (a 
member of The Qatar Foundation), grant number NPRP13S-0127- 
200177. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.est.2023.107449. 

References 

[1] S. Chu, A. Majumdar, Opportunities and challenges for a sustainable energy future, 
Nature 488 (2012) 294–303, https://doi.org/10.1038/nature11475. 

[2] N.S. Lewis, Toward cost-effective solar energy use, Science 315 (2007) (1979) 
798–801, https://doi.org/10.1126/SCIENCE.1137014. 

[3] L. Liu, G. Alva, X. Huang, G. Fang, Preparation, heat transfer and flow properties of 
microencapsulated phase change materials for thermal energy storage, Renew. 
Sust. Energ. Rev. 66 (2016) 399–414, https://doi.org/10.1016/J. 
RSER.2016.08.035. 

[4] G. Abdeali, A.R. Bahramian, M. Abdollahi, Review on nanostructure supporting 
material strategies in shape-stabilized phase change materials, J. Energy Storage 29 
(2020), 101299, https://doi.org/10.1016/J.EST.2020.101299. 

[5] C. Ren, F. Liu, M.M. Umair, X. Jin, S. Zhang, B. Tang, Excellent temperature-control 
based on reversible thermochromic materials for light-driven phase change 

materials system, Molecules 24 (2019) 1623, https://doi.org/10.3390/ 
MOLECULES24081623. 

[6] Y. Zhang, M.M. Umair, S. Zhang, B. Tang, Phase change materials for electron- 
triggered energy conversion and storage: a review, J. Mater. Chem. A Mater. 7 
(2019) 22218–22228, https://doi.org/10.1039/C9TA06678K. 

[7] F. Meng, X. Zhang, R. Li, J. Zhao, X. Xuan, X. Wang, J. Zou, Q. Li, Electro-induced 
mechanical and thermal responses of carbon nanotube fibers, Adv. Mater. 26 
(2014) 2480–2485, https://doi.org/10.1002/ADMA.201305123. 

[8] G. Cheng, Z. Wang, X. Wang, Y. He, All-climate thermal management structure for 
batteries based on expanded graphite/polymer composite phase change material 
with a high thermal and electrical conductivity, Appl. Energy 322 (2022), 119509, 
https://doi.org/10.1016/J.APENERGY.2022.119509. 

[9] R.D. Jilte, R. Kumar, M.H. Ahmadi, L. Chen, Battery thermal management system 
employing phase change material with cell-to-cell air cooling, Appl. Therm. Eng. 
161 (2019), 114199, https://doi.org/10.1016/J. 
APPLTHERMALENG.2019.114199. 

[10] T. Liu, S. Ge, X.G. Yang, C.Y. Wang, Effect of thermal environments on fast 
charging Li-ion batteries, J. Power Sources 511 (2021), 230466, https://doi.org/ 
10.1016/J.JPOWSOUR.2021.230466. 

[11] Y. Lv, X. Yang, G. Zhang, X. Li, Experimental research on the effective heating 
strategies for a phase change material based power battery module, Int. J. Heat 
Mass Transf. 128 (2019) 392–400, https://doi.org/10.1016/J. 
IJHEATMASSTRANSFER.2018.07.037. 

[12] G. Liao, K. Jiang, F. Zhang, J.E.L. Liu, J. Chen, E. Leng, Thermal performance of 
battery thermal management system coupled with phase change material and 
thermoelectric elements, J. Energy Storage 43 (2021), 103217, https://doi.org/ 
10.1016/J.EST.2021.103217. 

[13] M. Luo, J. Song, Z. Ling, Z. Zhang, X. Fang, Phase change material coat for battery 
thermal management with integrated rapid heating and cooling functions from 
− 40 ◦C to 50 ◦C, Mater. Today Energy 20 (2021), 100652, https://doi.org/ 
10.1016/J.MTENER.2021.100652. 

[14] L.W. Fan, X. Fang, X. Wang, Y. Zeng, Y.Q. Xiao, Z.T. Yu, X. Xu, Y.C. Hu, K.F. Cen, 
Effects of various carbon nanofillers on the thermal conductivity and energy 
storage properties of paraffin-based nanocomposite phase change materials, Appl. 
Energy 110 (2013) 163–172, https://doi.org/10.1016/J.APENERGY.2013.04.043. 
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