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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Formulation of Paraffin Wax-Graphite- 
Hydrogel as a novel composite with 
enhanced properties. 

• Thermal properties of composite PCM 
were measured and analyzed. 

• The thermal conductivity of PCM com
posite is ~12-fold higher than paraffin. 

• Low-cost, simple, and scalable technol
ogy with applicability in passive 
cooling. 

• Effective passive cooling of solar panels 
by PCM composite was validated.   
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A B S T R A C T   

Phase-change materials offer high latent heat and are widely used for energy storage applications. 
Paraffin wax is usually used as a phase-change material. However, its application in energy 
storage is restricted due to its low thermal conductivity. In the present work, graphite and 
graphite-hydrogel are used to enhance the thermal conductivity and heat release properties of 
paraffin wax. Wax-graphite (W-G) and wax-graphite-hydrogel (W-G-H) composites were syn
thesized by the dispersion of graphite and graphite-hydrogel in paraffin wax above its melting 
temperature. Scanning electron microscope (SEM) analysis was used to investigate the graphite 
and graphite-hydrogel distribution in the paraffin wax matrix. Thermogravimetric analysis (TGA) 
and differential scanning calorimeter (DSC) characterization were performed to measure the 
thermal stability and phase transition properties, respectively. DSC revealed that all composites 
have a similar melting temperature. The W-G-H composite displayed nearly 12 folds more 
thermal conductivity compared to the pure paraffin wax. High temperature brings adverse 
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impacts on energy efficiency, and even destroys a semiconductor device. The synthesized W-G-H 
composite is proposed to decrease the working temperature of semiconductor devices. As an 
applicative demonstration, the W-G-H composite film was coated at the back of the solar panel. 
The W-G-H composite coated solar panel displayed a surface temperature that was near ~4 ◦C 
lower than the bare solar panel while operating. The real-time experiment indicates that the W-G- 
H composite has high thermal conductivity and heat release properties. The study reports 
fundamentally new low-cost, simple, scalable, and self-adaptive, passive cooling technology to 
the semiconductor industry. The proposed material can further be developed in the form of paint 
and its heat sink properties can be improved by introducing hydrogels doped with Li+ and Br−

ions.   
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1. Introduction 

Thermally conductive materials such as ceramics, polymer composites, carbon materials, and metals have gained much promi
nence in recent years. Polymer composites are attractive due to the features such as low density, chemical stability, and ease of 
processing Ref. [1]. Using thermally conductive additives, the intrinsically low thermal conductivity of the polymer composites can be 
enhanced. The materials that can absorb heat and release it during their phase-changing process are termed phase-changing materials 
(PCMs) and have gained much attraction due to their stability and high latent heat Ref. [2]. Phase-changing materials require some 
distinctive properties such as high heat of fusion per unit mass, high specific heat, and high latent heat storage. Compared to inorganic 
phase materials Ref. [3-5], organic phase change materials are less expensive, have wide melting temperatures, and show a medium 
range of enthalpies Ref. [2,6,7]. Paraffin wax is the organic phase material that is widely used due to its ability to melt, high storage 
capacity, and ability to solidify completely Ref. [8]. Besides, they are chemically inert. However, paraffin exhibits inherent low 
thermal conductivity and easy leakage in the liquid state. Here, for the practical application, a low thermal conductivity should be 
increased to improve the efficiency of thermal energy collection and release during the heating and cooling processes. Studies have 
been dedicated to preparing composites with enhanced thermal conductivity by infusing thermal conductive metals, fins, and carbon 
material in the matrix of paraffin wax Ref. [8-13]. Carbon-based materials such as graphene, carbon nanotubes, and graphite have an 
intrinsically high thermal conductivity which attracts the attention of researchers to improve the thermal conductivity of paraffin wax 
Ref. [14,2,13]. Compared to other carbon-based materials, using graphite as a thermally conductive additive considerably decreases 
the production cost and also have advantages such as high resistance to corrosion, good compatibility with paraffin and high stability. 
Graphite foams and graphite additives have been proposed to improve the thermal conductivity of the PCMs Ref. [13]. These materials 
have been applied as heat sink coating to decrease the working temperature of the devices. However, they suffer from the low capacity 
of heat dissipation and don’t meet the requirements of an effective heat sink for semiconductor devices. Insufficient heat removal leads 
to localized overheating that, significantly impairs the device’s efficiency and lifespan of devices [15]. A variety of active and passive 
heat dissipation approaches have been implemented to decrease the working temperature of semiconductor devices Ref. [16,17,13]. 
Active heat dissipation strategies needs complex accessories (e.g., water pumps and fans) that is itself consume a subsequent amount of 
energy and limit its application on a larger scale Ref. [18]. While, passive cooling has the advantage of no energy consumption over 
active cooling method but suffers from the low capacity of heat dissipation and scalability Ref. [17]. Simple, scalable, and self-adaptive 
cooling technology with effective heat dissipation remains a great challenge. The heat removal efficiency of thermally conducting 
materials such as W-G composite can be improved by infusing material that enhances heat dissipation through evaporative cooling. 

Hydrogels are materials that are simple in structure and promote evaporative cooling. Hydrogels are hydrophilic crosslinked 
polymers found as a colloidal gel in which water is the dispersion medium Ref. [19]. The water in the hydrogel can self-adaptively 
re-enter and escape from hydrogel through an absorption and evaporation cycle. Based on these properties, it is intriguing to inves
tigate the composite of paraffin wax, graphite, and hydrogel to increase heat conduction and dissipation simultaneously for application 
as heat sink coatings. 

In the current work, we present a low-cost and simple structured passive cooling method to efficiently lower the operating tem
perature of high-density devices. We have studied the thermal conductivity and heat dissipation of paraffin wax, wax-graphite (W-G), 
and wax-graphite-hydrogel (W-G-H) composite. Simultaneously using graphite and hydrogel in wax matrix improves thermal con
ductivity and evaporative cooling. 

2. Materials and methods 

The paraffin wax used in the study has a melting temperature of ~50 ◦C. Graphite powder (99%) with a particle size of 7–11 μm and 
hydrogel was purchased from Alfa Aesar. The material properties are listed in Table 1. 

For the synthesis of W-G composite, 11 g wax and 19 g graphite were mixed by stirring for 3 h at 70 ◦C. Similarly, 11 g wax, 12 g 
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graphite, and 7 g hydrogel were mixed in a beaker by stirring for 3 h at 70 ◦C for the synthesis of the W-G-H composite. The as-prepared 
composites and paraffin wax were molded in thermal conductive pallets using the hot presser, as shown in Fig. 1. 

Scanning electron microscopy (SEM, Hitachi S-4800, Hitachi, Tokyo, Japan) was used to investigate the morphology samples. The 
thermal properties of the samples were measured by differential scanning calorimetry (DSC) and instrument was calibrated using 
Indium as reference sample. In DSC analysis, the reference and sample were kept at the same temperature and the thermal analysis was 
executed at an heating rate of 2 ◦C/min and temperature range from 0 to 80 ◦C. Thermogravimetry analysis (TGA) of samples was 
conducted in inert conditions with a NETZSCH STR 409C thermal analyzer at a heating rate of 2 ◦C/min. 

3. Results and discussion 

3.1. Scanning electron microscopy analysis 

SEM analysis was carried out to observe the morphological changes by the dispersion of graphite and graphite-hydrogel in a pure 
paraffin wax matrix, as shown in Fig. 2. Fig. 2a and b shows the SEM image of wax and graphite, respectively. The surface morphology 
of the wax-graphite composite is presented in Fig. 2c. The graphite is well dispersed in the wax matrix without obvious aggregation, 
and porous structures on the surface can be noticed. Interestingly, with the addition of the hydrogel in the wax-graphite-hydrogel 
composite, smooth surface morphology was observed and hydrogel was well decked in the wax-graphite matrix, as shown in 
Fig. 2d. The addition of hydrogel has filled the pores and introduced a connected interface of particles with smooth surface 
morphology. This reduces the stress concentration. A direct interface among adjacent particles could improve thermal conductivity. 

3.2. Thermogravimetric analysis 

TGA analysis was carried out to find the thermal stability of the material and the fraction of volatile components by monitoring the 
weight change of the samples when heated at a temperature range of 30–800 ◦C. Fig. 3 shows the TGA curve, representing the per
centage decomposition of hydrogel, wax, W-G, and W-G-H composite. In the case of the hydrogel, the first stage of decomposition was 
observed at ~240 ◦C, which was due to the initial decomposition of the hydrogel chain and the weight loss of residual moisture. Almost 
85% of weight loss occurred at 800 ◦C. As expected, graphite offered high stability until 600 ◦C and started oxidizing when the 
temperature increased above 600 ◦C. Results indicate that the oxidations start at around 600 ◦C. The paraffin wax TGA analysis results 
suggest that the gasification started at 200 ◦C and it ended when the temperature reached 310 ◦C. In the case of the W-G composite, the 
first decomposition initiated at 200 ◦C, which corresponded to the decomposition of the wax. After that from 300 to 600 ◦C, the 
material was stable due to the presence of graphite. Above 600 ◦C, the gradual loss in weight was due to oxidation and burn-off of the 
graphite. A similar trend in weight loss was noticed for the W-G-H composite. However, above 300 ◦C, an almost constant difference in 
weight loss was observed for W-G and W-G-H composite, as shown in Fig. 2. This can be attributed to the decomposition of hydrogel in 
the W-G-H composite, which lowered the weight loss percentage of W-G-H compared to the W-G sample. 

3.3. Differential scanning calorimeter analysis 

Fig. 4 represents the DSC curves for the thermal analyses of wax, W-G, and W-G-H composite in the temperature range of 0–80 ◦C. 
Samples were placed in the DSC furnace and subjected to heating and cooling cycles. To establish the repeatability of results, samples 
were exposed to five successive thermal cycles. Second, heating and cooling scan cycles were considered to avoid the influence of the 
thermal history. The positive heat flux represents the heat absorbed during heating, and negative heat flow values while cooling 
indicates heat released during solidification. Fig. 4a shows the DSC plot of the pure paraffin wax having two main transition peaks and 
two subsidiary peaks at the left. The main peaks corresponded to the solid-liquid phase change, while the subsidiary peak represents 
the solid-solid transition of the wax. The estimated melting temperature of the wax is ~37 ◦C. The paraffin wax DSC curve agrees well 
with the available literature values Ref. [22-24]. Notably, both W-G and W-G-H composite exhibit thermal characteristics similar to 
paraffin wax as shown in Fig. 4b and c, respectively. The solid-liquid transition temperature coincides with a standard deviation of 
±1 ◦C. It indicates that the wax in the composite transform to liquid during the solid-liquid transition and graphite, and hydrogel retain 
their morphology. Furthermore, it suggests no chemical reactions among wax, graphite, and hydrogel. Cycles of heating/cooling were 
repeated 10 times on the W-G-H composite to test the thermo-chemical stability of the composite and the repeatability of measure
ment. Fig. 4c shows the DSC plot of W-G-H for cycle 1 and cycle 10. The composite exhibits marginal deviation in the DSC plot. The 
phase-change temperatures of W-G-H composite keep constant after 10 cycles, representing the composite’s stability and repeatability 
against thermal cycle. 

3.4. Thermal conductivity studies 

Fig. 5 shows the thermal conductivity studies of the wax, W-G, and W-G-H composite. Thermal conductivity measurement was 

Table 1 
Thermal properties of paraffin wax and graphite.  

Properties Paraffin Wax Ref. [20] Graphite Ref. [21] 

Thermal conductivity 0.2–0.24 Wm− 1K− 1 25-470 Wm− 1K− 1 (z-axis), 3000 Wm− 1K− 1 (in plane) 
Specific heat 2.14–2.9 Jg− 1K− 1 0.72 Jg− 1K− 1 

Heat of fusion 200–220 J/g 117000 J/mol 
Heat storage capacity 150 kJ kg− 1 –  
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carried out using Fourier law. This law is applied for one-dimensional heat conduction. According to Fourier law, the equation for heat 
conduction is given by Equation (1).  

Q = − к A(ΔT/Δx)€                                                                                                                                                       (1) 

In the Fourier equation, € is the representation for the correction factor of heat loss and other uncertainties. ΔT represents the 
temperature difference between the hot and cold sides. Thermal conductivity is represented by к with unit Wm− 1K− 1. The sample 
thickness, heat supplied, and area are represented by Δx, Q, and A, respectively. Fig. 5a and b represent the temperature distribution in 
the wax and W-G composite. Compared to wax and W-G composite, W-G-H composite exhibits better temperature distribution, as 
shown in Fig. 5c. The thermal conductivity comparison of the pure wax, W-G, and W-G-H composite is presented in Fig. 5d. The higher 
thermal conductivity is found for the W-G-H composite with thermal conductivity of 3.24 Wm− 1K− 1. The inter-chain heat efficiency of 
the hydrogel is enhanced by the hydrogen bond present in the hydrogel (i.e., the dynamic intermolecular forces break and constantly 
reform), which could lead to the enhancement in thermal transport. The thermal conductivity of W-G composite and pure paraffin wax 
was estimated to be 0.88 Wm− 1K− 1 and 0.26 Wm− 1K− 1, respectively. Table 2 compares the thermal conductivity of the W-G-H 
composite with the paraffin wax composites reported in the literature. In comparison to the other reported paraffin wax composite, the 
W-G-H composite exhibits high thermal conductivity. The enhanced heat transfer of the W-G-H composite can be attributed to the high 
degree of graphitization and efficient stacking of graphite through embedded hydrogel particles. 

Fig. 1. Methodology for the fabrication of thermal conductive films. Step 1: mixing the raw material using a stirrer and form a composite. Step 2: Fabricating pallets of 
the composite materials using the hot press method. 

Fig. 2. SEM image of (a) Graphite powder. (b) Wax. (c) Wax-graphite. (d) Wax-graphite-hydrogel.  
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3.5. Real-time thermal conductivity studies 

Fig. 6 shows the influence of wax, W-G, and W-G-H composite heat conduction on melting an ice block. In the experiment, the ice 
block was sandwiched between the fabricated wax, W-G, and W-G-H pallet, as shown in Fig. 6a. When the pallets are placed in contact 
with the ice block temperature gradient is formed, and heat readily flows through the interfaces. Moreover, the rate of ice melting 
majorly depends on the heat conductivity of the different composite pallets. Gradual, consistent melting of ice was observed for the W- 
G-H composite. The wax showed the slowest ice melting rate among individual specimens and W-G-H achieved the highest melting 
rate. Fig. 6b shows the samples and left-over ice photographs after 60 s. It was observed that after 60 s, almost 3/4th portion of the ice 
melted in the case of W-G-H. Whereas W-G composite could melt nearly 1/4th of the ice and not much ice melting was noticed in the 
case of wax. Thus, from the above investigation, it can be inferred that the W-G-H composite exhibited high thermal conductivity 
compared to the W-G composite and paraffin wax. 

3.6. Heat sink coating 

To investigate the W-G-H composite properties as a heat sink coating, a ~1 mm thick W-G-H coating was applied at the back of the 
solar panel using the blade coating method. Both solar panels with and without W-G-H coating were placed adjacent to each other, and 
a real-time experiment was performed under clear sky conditions at 11:00 a.m. Fig. 7a shows the schematic, representing thermal 
conduction and solar panel surface temperature lowering through the W-G-H coating. The hydrogel in the composite absorbed the 
moisture from the surroundings, and the carbon derivative flakes acted as a thermal conductor that transferred the heat from the solar 
panel to the hydrogel. The hydrogel has taken the heat from the flakes and released the absorbed moisture back into the environment. 
As a result, the heat from the solar panel was utilized in releasing the water content absorbed by the hydrogel, and the solar panel 
temperature is lowered. Fig. 7b shows the thermal image of the solar panels, both with and without W-G-H coating. The thermal 
mapping indicates that the solar panel coated with a W-G-H composite (left image) exhibited a lower surface temperature than the 
solar panel without coating. The surface temperature of the bare solar panel was ~39.3 ◦C, while the W-G-H coated solar panel 

Fig. 3. TGA analysis of hydrogel, wax, graphite, wax-graphite (W–G), and wax-graphite-hydrogel (W-G-H) composite. Representing the percentage decomposition of 
hydrogel, wax, W-G, and W-G-H composite with respect to the increase in temperature. 

Fig. 4. DSC plot of (a) Wax. (b) Wax-graphite (W–G). (c) Wax-graphite-hydrogel (W-G-H) composite for DSC analysis cycle 1 and cycle 10. A transition peak at ~37 ◦C 
is observed for all samples, suggesting that the wax in the composite transforms to liquid during solid-liquid transition and graphite, and hydrogel retains 
their morphology. 
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Fig. 5. Thermal conductivity studies of (a) wax, (b) wax-graphite, (c) wax-graphite-hydrogel, and (d) thermal conductivity comparison between all three composites. 
Compared to wax and W-G composite, W-G-H composite exhibits better temperature distribution and exhibits enhanced thermal conductivity. 

Table 2 
Comparison of the thermal conductivity enhancement with different fillers in paraffin wax.  

PCM к of original PCM [W m− 1 K− 1] Additive к of composite PCM [W m− 1 K− 1] Reference 

Paraffin wax 0.26 Graphene oxide + carbon nanotubes aerogel 0.40 Ref. [25] 
Paraffin wax 0.25 Carbon foam 0.43 Ref. [26] 
Paraffin wax 0.37 Cu nanowires aerogel 0.48 Ref. [27] 
Paraffin wax 0.25 Carbon fibers foam 0.77 (axial) Ref. [28] 
Paraffin wax 0.27 Carbon textile 0.99 Ref. [29] 
Paraffin wax 0.27 Graphene foam 1.22 Ref. [30] 
Paraffin wax 0.25 Carbon fibers 1.73 Ref. [31] 
Paraffin wax 0.26 Graphite + hydrogel 3.24 Present work  

Fig. 6. Real-time experiment representing melting of ice via heat sink effect. (a) The ice was melted by wax, W-G, and W-G-H composite at different timestamps. (b) 
Photograph displaying samples and left-over ice after 60 s. 
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displayed ~35 ◦C. The above investigation indicated that the W-G-H coating successfully lowered the solar panel surface temperature 
by nearly 4 ◦C and is best suited for temperature management of semiconductor devices. 

4. Conclusions 

In summary, improvement in the heat transfer property of paraffin wax was demonstrated by incorporating graphite-hydrogel in 
the wax matrix. The wax-graphite-hydrogel (W-G-H) composite was synthesized by simple and low-cost dispersion and melting. 
Furthermore, a composite pallet was fabricated by compression method. The SEM results showed that the graphite and hydrogel were 
well dispersed in a wax matrix with smooth surface morphology. DSC characterization revealed no significant effect on the phase 
change temperature of paraffin wax after the utilization of graphite and hydrogel. Thermal studies indicated that the loading of 
graphite and hydrogel boosted the wax heat storage and release rate. The thermal conductivity of paraffin wax was effectively 
improved by ~12 folds from 0.26 Wm− 1K− 1 to 3.24 Wm− 1K− 1 in the W-G-H composite. The efficient passive cooling strategy was 
validated by applying synthesized PCM coating at the back of the solar panel. The operating temperature of the W-G-H coated solar 
panel was successfully decreased by a margin of ~4 ◦C compared to the bare solar panel. In conclusion, this work brings low-cost, 
scalable, self-adaptive passive cooling technology as a universal approach for temperature management in solar and semiconductor 
industries. 
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