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Abstract: Thermal energy storage (TES) and harvesting is an effective technique for optimum build-
ing thermal management. Phase-change materials (PCMs) are commonly used for TES applications
but are troubled by their degraded thermal conductivity. Recent research progress in latent heat
energy storage using PCMs and nano additives provides a viable solution for solar TES. A series of
hybrid nano-enhanced phase change materials (HNePCMs) were prepared via two-step synthesis.
Hybrid graphene–silver nanofillers were dispersed in commercial paraffin (melting point 25

◦
C)

under different dispersion rates (0.1%, 0.3%, 0.5%). Different characterization techniques, e.g., FESEM,
FT-IR, UV-VIS, TGA, XRD, DSC, and Tempos, were used in material characterization. A maximum
enhancement of 6.7% in latent heat and 5% in heat storage efficiency was noted for nanocomposites
with 0.3 wt% of additives. The nanocomposite with 0.3 Wt% showed great potential in shielding
UV rays and showed a reduction of 6.5% in bandgap energy. Furthermore, the thermal conduc-
tivity of samples was boosted by a maximum of 90% (from 0.2 W/mK-0.39 W/mK) with 0.3 wt%
dispersion of graphene–silver nanofillers. The thermophysical characterization results establish
that the synthesized paraffin/graphene–silver hybrid nanocomposites are well suited for building
thermal management.

Keywords: phase change materials; nanocomposites; graphene: silver nanofillers; building thermal
management

1. Introduction

In recent decades, a profound rise in sustainable and clean energy technologies arose
due to rising global energy demand and environmental challenges [1]. The inconsistency
of sustainable energy sources (wind, tidal, and solar energy) reinforces the importance
of energy storage [2]. Under the Paris Agreement signed by all United Nations member
states in 2015, all its member states are bound to attain a reduction in carbon dioxide (CO2)
emissions mainly by curtailing their fossil fuel usage to 20%. Moreover, the agreement also
put forward 17 Sustainable development goals (SDGs). Goal seven among the 17 SDGs
stresses providing green and affordable energy around the globe, which literally stresses
embracing energy-efficient and renewable energy resources [3]. Approximately 40% of
global energy use occurs in the building sector. The general change in living standards and
the greater need for heating and cooling in cold and hot climates are the leading causes
of rising energy usage [4]. Thermal energy remains an abundant energy source, which
is substantially present in nature and is also available as a derivate of numerous energy
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conversion processes. Thermal energy storage (TES) presents a possible technique to reuse
ample heat energy and enhance energy efficiency. TES could be implemented to harvest,
store, and even reuse energy as heat whenever needed. Furthermore, it might also provide
a viable solution for the existing problem of unmatched energy supply and demand in time
and space [5]. Latent heat energy storage (LHES) unveils a higher energy storage density.
It also holds a sensitive operating temperature range [6]. Phase change materials (PCMs)
were deployed for LHES due to their excellent thermal energy storage capabilities, which
resemble a thermal battery [7]. Organic, inorganic, and eutectics are the three main classes
of phase change materials. Paraffin wax (PW), an organic PCM, remains the most widely
preferred PCM owing to its peculiar attributes: (a) superior heat of fusion, (b) corrosion-
free nature, (c) thermal cycling stability, (d) tuneable melting point (20–100 ◦C), and
(e) economic viability. The prominent hurdle in promoting the widespread usage of paraffin
as a TES element is its degraded thermal conductivity. Degraded thermal conductivity of-
fers comparatively improved interfacial thermal resistance (among the PCM and dispersed
filler), which degrades the charging efficiency of the energy storage material during TES [8].
Installing PCM-enhanced wallboards within the building envelope is the most prevalent
technique for building thermal management. Therefore, PCMs can enhance thermal inertia
of lightweight structures, resulting in a substantial rise in thermal storage capacity. In order
to obtain more significant yearly energy savings, cooling dominant climates demand PCMs
with a melting point near 26 ◦C, whereas heating dominant climates need a melting point
closer to 20 ◦C [9].

Dispersing highly conductive fillers with nano-size provides a viable solution to
improving the degraded thermal conductive nature of the PCM matrix. The impact of
dispersing thermally conductive nanostructured materials commonly utilized as ther-
mal conductivity enhancers was comprehensively reviewed [10,11]. A meta-analysis of
nanofillers was also conducted based on their dimension (0-D,1-D, 2-D, 3-D, and even
hybrid materials). Authors also concluded that carbon-based nanomaterials exhibited a
higher enrichment in thermal conductivity when compared with metallic/metal oxide
nanoparticles [10]. Infusing nanosized carbon-based nanomaterials as fillers is a commonly
adopted method to boost the thermal conductivity (λ value) of composites [12]. The chemi-
cal exfoliation of graphite flakes generates graphite nanoplatelets, multilayer graphene, and
graphene, which possess a higher aspect ratio and ultrahigh intrinsic thermal conductivity
((λ value) > 2000 Wm−1 K−1). The loading rate of nanofillers, interfacial thermal resistance,
geometrical and dimensional aspects of the dispersants, including size, thickness, and the
orientation of sheets, largely influences the enhancement in λ values [13]. The improvement
in effective λ value is not pronounced when individual 2D materials are doped onto PCMs.
This is primarily because of disorganized geometric contact and interfacial thermal resis-
tance, which is normally elevated when the nanoparticles generate a disordered percolation
network [14]. The dispersed fillers could also contribute to unstable λ value during phase
transitions [15]. The dispersion of nano-fillers mainly alters the thermal conductivity of the
base matrix and even other characteristics, including enthalpy, sub-cooling, phase transition
temperature, phase transition duration, density, and viscosity [11]. The excellent thermal
conductivity and chemical stability make silver (Ag) another suitable nano-sized dispersant
for PCMs. PCM dispersed with mono nanofillers were comprehensively analyzed, and
it was understood that the dispersion modifies the thermophysical properties of compos-
ites. Moreover, studies on PCMs (especially paraffin) infused with hybrid nanofillers are
much fewer or even limited when compared with single nanofillers infused PCMs [10].
PCMs have been widely deployed for thermal management in buildings. The suitability of
engineered phase change composites in the thermal management of buildings has been
reviewed in detail [16].

George et al. [17] conducted a comparative analysis by dispersing both Polyaniline
(PANI) and CuO in paraffin. The rise in thermal conductivity was around 46.7% and 63.5%
for PANI and CuO, and the latent heat also logged an increment of 8.25 and 7.8% rise.
Habib et al. [18] obtained a boost of 60.5% in thermal conductivity with SWCNT doped into
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paraffin. Sheng et al. [19] used carbon fiber as a nano additive, and the thermal conductivity
was boosted by 148%. The graphene dispersion in paraffin reported by Joseph et al. [20]
provided an increment of 60.55 in thermal conductivity. Aslfattahi et al. [21] successfully
doped MXene into the paraffin, and the composite registered an improvement of 11.6% in
thermal conductivity. Table 1 briefly summarizes the thermophysical properties of recent re-
search works on different paraffin-based nanocomposites. An in-depth literature review by
Paul et al. [10,22] highlighted a lack of investigations into the synthesis and thermophysical
characterization of low-temperature organic NePCMs used in ambient conditions. Hence,
this proved to be an aspiration for researchers in developing low-temperature composite
PCMs dispersed with hybrid nanofiller for building thermal management.

Table 1. Thermophysical properties of wax-based nanocomposites.

Nanocomposites Change in Thermal
Conductivity (W/mK)

Change in Enthalpy
(J/g) Nanocomposites Ref.

Paraffin/Graphene 59.5% increment 12.4% decline Paraffin/Graphene [20]
Paraffin/CNT 39.0% increment 0.90% decline Paraffin/CNT [23]
Paraffin/PANI 46.7% increment 8.20% increment Paraffin/PANI [17]
Paraffin/CuO 63.5% increment 7.80% increment Paraffin/CuO [17]

Paraffin/Co-PANI 17.6%increment 8.06% decline Paraffin/Co-PANI [24]
Paraffin/Nanographene 741% increment 13.10% decline Paraffin/Nanographene [25]

Paraffin/GP: Ag 90% increment 6.70% increment Paraffin/GP: Ag PW

In summary, we demonstrate a method to achieve superior λ values with hybrid
nano-enhanced phase change materials (HNePCM) formulated via two-step method for the
thermal management of buildings and other ambient temperature applications. To the best
of our knowledge, the synthesis of HNePCM loaded with 2-D graphene–silver nanofillers in
low-temperature paraffin remains a novel work. A maximal enrichment of 90% in thermal
conductivity was clocked for the 0.3% dispersion of nano additives. The synergistic effect
of hybrid nanofillers, low interfacial thermal resistance, and reagglomeration contribute
to an exceptional increment in λ. The λ value of HNePCMs could be tailored within
a range of 0.2–0.4 W/mK with nanofiller loadings limited to 0.5 wt%. The composites
displayed excellent photo-thermal absorption, latent heat (6.7%), thermal stability (5.7 ◦C),
and reliability. The hybrid nanocomposites could shield UV radiation to a maximum of
100%. The present work provides insights into the exceptional enhancement in the λ value
of composites by dispersing hybrid additives, which are currently restricted to PCM-based
composites but could also be used to design scalable and higher power density thermal
energy harvesting devices for building thermal management applications.

2. Experimental Section
2.1. Materials and Methods

Commercial grade paraffin wax (Plus ice A25 H), purchased from Plus Ice UK, was
used as the TES material. Graphene–silver hybrid nanoparticles (with ratio 7:3) was pro-
cured from US Research Nanomaterials, Inc, and SDBS was procured from Sigma Aldrich.
The entire chemicals used in the synthesis procedure were of analytical reagent grade.

2.2. Synthesis of Paraffin/Graphene: Silver Hybrid Nanocomposites

Two-step synthesis was adopted to synthesize the nanocomposite. The paraffin was
heated to ensure a homogeneous liquid state. A calculated quantity of surfactant (SDBS)
and liquid PCM mixture was subjected to probe sonication for 40 min. Graphene–silver
hybrid nanoflakes were dispersed into the melted wax and further put to probe sonication
for 40 min to ensure the homogenous mixing of dispersed additives. Figure 1 details the
synthesis route of hybrid nanocomposites. The sonicated mixture was then allowed to
cool down to ambient temperature. Figure 2 shows the images of pure and synthesized
hybrid nanocomposites.
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2.3. Characterization Techniques

The detailed morphology of Gp: Ag nanofillers was studied under field emission
scanning electron microscopy (JSM-IT800, JEOL JAPAN, Tokyo, Japan) and transmission
emission scanning electron microscopy (FEI Tecnai G2 20 S-TWIN, FEI Company, Hillsboro,
OR, USA). The sample’s thermal conductivity was estimated with a thermal property an-
alyzer (model-TEMPOS, SH-3 sensor, Meter Group, Pullman, DC, USA). The latent heat and
melting points were calculated using a differential scanning calorimeter analyzer (Model
-DSC 822e, DSC-Mettler Toledo, Columbus, OH, USA). The thermal stability analysis of
samples was conducted with a TGA (model-TGA 4000, Perkin Elmer, Waltham, MA, USA).
The light ab-sorption ability of the HNePCMs was examined via a UV-VIS spectrometer
(mod-el-LAMBDA 750, Perkin Elmer, Waltham, MA, USA). The changes in the attached
functional group of synthesized HNePCMs were examined with Fourier transform infrared
spec-troscopy (model-Spectrum Two FT-IR Spectrometer, Perkin Elmer, Waltham, MA,
USA). A thermal imaging camera (model-S60, CAT, Irving, TX, USA) was used to capture
infrared images of the samples.

2.4. Uncertainty Analysis

The reliability of the measurements performed was characterized by uncertainty
analysis. Moreover, it also reflects the dispersion and accuracy of values measured. The
uncertainties involved in direct measurement fall under random errors, named Class
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A errors, and are measured by statistical methods. System errors are handled by non-
statistical methods and are grouped as Class B errors. The uncertainty associated with the
measurements can be estimated by the following equations and the associated terms [26].
The standard uncertainty of measured results is calculated according to specific rules for
the A and B uncertainty of a particular measured value, which is commonly referred to as
the combined uncertainty.

The mathematical expression gives class A uncertainty.

UA(x) =

√
∑n

i=1

(
Xi − Xavg

)2

n(n− 1)
(1)

where n = total number of readings, Xavg = average value of the measurement
Under the same conditions, when x is measured multiple times, the standard uncer-

tainty u(x) of x to be measured is obtained by combining the class A uncertainty uA(x) and
the instrument uncertainty uB2(x).

u(x) =
√

uA
2(x) + uB2

2(x) (2)

When a single measurement is performed on a physical quantity, the type B uncertainty
is composed of the measurement uncertainty uB1(x) and the instrument uncertainty uB2(x).

The measurement uncertainty uB1(x) is caused by estimation, generally 1/10 or 1/5 of
the scale value of the instrument.

Instrument uncertainty uB2(x) is determined by the characteristics of the instrument
itself and is defined as:

uB2(x) =
a
c

(3)

where the confidence factor c can generally be processed with a uniform distribution, and
the value assigned for c is

√
3 .

For a single measurement x, the standard uncertainty u(x) of x to be measured is
obtained by combining the class A uncertainty uB1(x) and the instrument uncertainty uB2(x).

u(x) =
√

uB1
2(x) + uB2

2(x) (4)

x ± u(x) (5)

3. Results and Analysis
3.1. Morphological Analysis of Hybrid Nanoparticles

Figure 3 shows the FESEM images of hybrid graphene-silver nanofillers, which also
shows the detailed structure of dispersed graphene sheets and silver nanomaterials. A
few layers of transparent and thin graphene nanosheets were seen in the FESEM image
(Figure 3A). Figure 3A shows that the graphene layers were arranged in a stacked pattern,
overlapping each layer with another one in a folded manner [27]. From the FESEM
image, the silver nanoparticles can be seen as a filler in between the graphene sheets.
FESEM analysis shows that the graphene sheets got intercalated uniformly with silver
nanomaterials. The silver nanomaterials lying on top of the graphene layers show a uniform
and distinct contrast corresponding to the peripheral transparent graphene flakes (shown
in Figure 3A). The TEM image of the HNePCM is given in Figure 3B. In addition, it can
also be inferred that the intercalated silver nanomaterials in the graphene sheets may
get oriented by interconnecting with each other [28], which eventually assists in linking
the graphene flakes. This increases the thermally conducting path in the composite [29].
Standard morphological analysis techniques for low-temperature nanocomposites are
not feasible as the phase transition temperature of these samples lies on the lower side.
Moreover, the intense beam can readily melt the sample under inspection. Standard FESEM
characterization of hybrid nanocomposites is impossible as the highly intense electron
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beam melts the sample [30]. Energy dispersive x-ray (EDX) assessment was used to ensure
the homogeneity of nanofillers and list the dominating elements. Figure 3C,D shows that
nanoparticles had 77.79% of carbon (96.92 atomic) and 22.21% of silver (3.02% atomic). This
clearly shows that both carbon and silver particles are present in the hybrid nanoparticle.
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3.2. FT-IR Spectrum Analysis of Hybrid Nanocomposites

The chemical structures of low-temperature pristine wax (A25) and the HNePCMs
were studied with FTIR spectroscopy. Figure 4 details the FT-IR spectrum of all synthesized
nanocomposites individually. The paraffin wax has an empirical formula of CnH2n+2
and mainly holds three significant peaks of interest [17]. The occurrence of -CH2- and
-CH3- groups in the composites were evident with the characteristic peak shifts [31]. The
peaks within the range of 2800–3000 cm−1 indicate a symmetric stretching vibration of
the -CH2 and -CH3 groups. Similarly, a peak in 1350–1470 region denotes the deformation
of alkyl groups (-CH3- and -CH2-). Finally, the rocking motion of the -CH2- group is
shown by the peak in 720–725 cm−1 region [32]. In the FT-IR spectrum, peaks are visible
in the following wave numbers 2910 cm−1, 2850 cm−1, 1457 cm−1, and 720 cm−1. Both
the peaks at 2910 cm−1 and 2850 cm−1 lie within the range of 2800–3000 cm−1, showing
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the symmetric stretching vibration of -CH3- and -CH2- groups. The peak 1457 cm−1

indicates the deformation of -CH2- and -CH3- groups, and lastly, the corresponding peak
at 720 cm−1 denotes the rocking vibration of the -CH2- group as it stays within the range
of 720 cm−1– 725 cm−1. Paraffin holds a steady balance of attracting and opposing forces
among carbon and hydrogen atoms which is clearly defined by the peaks [33]. Moreover,
it is evident from the spectrum that all composites, even with varying loading rates of
graphene/silver nanofillers, had similar characteristic peaks at the same wavenumbers
(cm−1). The dominant chemical structure of paraffin wax accounts for the uniformity in
the FT-IR spectrum of all composites, even with different loading rates of nanofillers [34].
The FT-IR spectrum analysis revealed that no new peaks were present in the synthesized
samples. Thus, the FT-IR results establish the absence of chemical reactions that alter the
nature of paraffin during the synthesis of samples [35]. As no chemical reaction was present
among the additives (paraffin, nanofillers, and surfactant), it can be concluded that the
formulated samples were composites.
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3.3. UV-Visible Spectrometer Spectrum Analysis of Nanocomposites

To analyze the light transmission capability of the synthesized hybrid nanocomposite,
UV-Vis-NIR transmission spectra of paraffin and nanocomposites were plotted between
200 and 800 nm, as shown in Figure 5. The spectrum curve follows a simple principle
which implies that it is impossible to have a material that simultaneously possesses both
excellent absorbance and transmissibility. The transmissibility values remain inversely
proportional to absorbance values for all samples [17]. The light transmission capability
of the hybrid nanocomposite showed a declining trend with the rise in the dispersion of
hybrid nanofillers. The improved light absorption of the nanofillers accounts for this trend.
In contrast with pure paraffin, hybrid nanocomposites exhibited an entire absorbance of
solar radiation throughout the UV-Vis-NIR range. Pure paraffin had an absorbance of
13.22%, and samples with 0.1%, 0.3%, and 0.5% nano fillers exhibited a corresponding
absorbance of 97.35%, 99.99%, and 99.75%, respectively. The absorption spectrum was
calculated using the solar spectrum data provided by NREL [36]. Moreover, the distinct
absorption characteristic of hybrid graphene–silver nanoflakes as the supporting material,
enables the nanocomposite to harvest the maximum solar energy. This is because of the
firm absorption peaks of the nanocomposite at 245 nm, where most of the solar energy
gets distributed (consisting of 7% UV, 50% visible, and 43% infrared) [37]. However,
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the nanocomposite exhibits total absorption over the entire UV-Vis-NIR range. Solar
transmission of nanocomposites in different spectrums are summarized in Table 2. The
spectrum analysis results lie in tandem with the physical appearance of paraffin (white) and
hybrid nanocomposite (black). The nanosheets function as a perfect black body because
of their effective light scattering and trapping ability, enhancing photoabsorption and
imparting thermal energy to the wax in the hybrid nanocomposites. With a linear rise in the
loading rate of nanofillers, the amount of solar energy absorbed from solar radiation rises,
improving the composite’s application range, especially in ambient temperature, direct
solar thermal applications, such as building thermal management.
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Figure 5. Light transmittance spectrum of samples.

Table 2. Solar transmission of nanocomposites in different spectrums.

SAMPLE TOTAL UV VISIBLE IR Reference

SOLAR
spectrum 100% 7% 50% 43% [37]

A25-0.0% 86.78% 6.28% 80.63% 13.09% Current work
A25-0.1% 2.65% 5.88% 81.73% 12.39% Current work
A25-0.3% 0.01% 0% 78.03% 21.97% Current work
A25-0.5% 0.25% 2.51% 76.13% 21.37% Current work

3.4. Thermal Stability of Paraffin/Graphene: Silver Nanocomposites

The thermal stability of nanocomposites is also pivotal, especially for LHES appli-
cations. In this experimental work, the thermal stability of A25 as PCM dispersed with
different loading rates of graphene–silver additive was assessed using thermogravimet-
ric analysis (TGA) and derivative thermogravimetry (DTG). Figure 6 displays TGA, and
Figure 7 DTG curves of A25 and A25/ graphene–silver nanocomposite with different load-
ing rates of nano additives. The weight loss (5 wt%) and the corresponding temperatures
at (T5%) are summarized in Table 3. The temperature at which the maximal weight loss
rate (Tmax) happens is evaluated using DTG curves. The TGA curves show that the base
PCM and even the formulated hybrid nanocomposites had a single-step degradation. The
samples recorded negligible weight loss in the 30–155 ◦C. The formulated nanocomposite
had excellent thermal stability even at 155 ◦C, which lies well above the peak melting
temperature of pure A25 (25 ◦C). Higher thermal stability (above the working temperature
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area) is one of the mandatory prerequisites for a PCM to be deployed for TES. As tempera-
ture surpassed 155 ◦C, A25 in the composite started decomposition and eventually halted
at 266 ◦C, as shown in Figure 7. Furthermore, the heat resistance index [38] (THRI) was
calculated by the following mathematical expression.

THRI = 0.49× [T5% + 0.6× (T30% − T5%)] (6)
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Table 3. Thermal stability parameters of hybrid nanocomposites.

Samples T5% (◦C) T30% (◦C) Tmax (◦C) Heat Resistance Index (◦C)

A25-0.0% 157.37 196.57 229.14 88.63610
A25-0.1% 156.73 201.1 231.68 89.84248
A25-0.3% 159.92 199.11 231.68 89.88266
A25-0.5% 167.96 208.73 237.87 94.28678
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The heat resistance index of all samples was tabulated in Table 4. The THRI slightly
improved with the addition of nanofillers. This is because nanofillers replace a portion of
the PCM matrix. The value almost remains constant for nanocomposites. The temperature
readings at which a maximal weight loss rate forA25 and nanocomposite was recorded are
229.14 ◦C (A25-0%), 231.68 ◦C (A25-0.1%), 231.68 ◦C (A25-0.3%), and 237.87 ◦C (A25-0.5%).
These readings could be referred to as the decomposition of paraffin. When compared with
pure A25, the decomposition temperatures (the temperature at which maximal weight loss
rate) for hybrid nanocomposite were higher than that of A25, which showed the dispersion
of Gp. Ag additives enhanced the thermal stability of nanocomposites. The maximum
temperature of weight loss of the hybrid nanocomposites was 2–7 ◦C more than pure A25.
In addition, it was also found that the rate of weight loss of the hybrid nanocomposite
was comparatively sluggish compared to A25. It is worth mentioning that the synthesized
nanocomposites had both improved stability and heat resistance compared to pure A25.

3.5. Effect of Graphene: Silver Dispersion on the Thermal Behavior of Hybrid Nanocomposites

Latent-heat and phase transition temperatures during the phase transition of pristine
A25 and HNePCMs were evaluated using a DSC. The numerical values of thermal prop-
erties were evaluated using DSC are detailed in Table 4. The tabulated values show that
the dispersion of hybrid nanofillers slightly altered the thermal properties of the nanocom-
posites. The DSC thermograms of all composites had a similar shape which showed that
A25 had zero transformation during the synthesis of nanocomposites. Figure 8 illustrates
the melting and freezing enthalpies, melting and freezing points of HNePCMs during the
phase transition process. Moreover, the enthalpy of melting and freezing of all hybrid
composites was found to have increased with the dispersion of hybrid nanofillers. The
maximal enhancement in melting latent heat of hybrid nanocomposites was 6.6%, for
A25-0.3%, as compared with pure A25. Similarly, the maximal boost in solidification latent
heat was 8.4% for the 0.3% sample. The latent heat shows a linear increment with a rise in
the dispersion rate of hybrid nano additives. Nanocomposites possess an ultra-thin surface
with negligible thickness, resulting in a nearly zero aspect ratio of graphene sheets. Large
specific areas and Van Der Waals attraction tend to form aggregate formation. The smaller
size of nano additives also means that their molecular density is also high. The rise in latent
heat is attributed to a larger surface area of nano additives which further enhances the
intermolecular attraction [39].
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Table 4. Melting and freezing point of composites.

Sample
Enthalpy of

Melting
∆Hm (J/g)

Melting Point
Tm (◦C)

Enthalpy of
Freezing
∆Hf (J/g)

Freezing Point
Tf (◦C)

Degree of
Supercooling (◦C)

Heat Storage
Efficiency γ (%)

A25-0.0% 253.52 26.72 241.98 22.68 4.04 4.55
A25-0.1% 265.75 26.60 253.32 22.58 4.02 4.68
A25-0.3% 270.32 27.07 262.36 22.86 4.21 2.94
A25-0.5% 269.90 27.03 256.40 21.38 5.65 5.00

Furthermore, both the endothermic and exothermic peaks of all synthesized HNePCMs
are observed to be narrower/sharper than pristine A25. This is mainly due to the estab-
lishment of a thermally conducting network with the dispersion of hybrid nanofillers,
providing a rapid thermally conducting path throughout the composite. This eventually
promoted the heat transfer rate in the hybrid nanocomposite. Thus, the pace of phase
transfer of hybrid nanocomposites will rise, thereby causing a rapid melting and freezing
of HNePCMs. It is also noted that both the melting and freezing temperatures show a slight
variation mainly due to the rise in λ value of the composites. In this connection, enhancing
the loading rate of nanofillers further enhances the heat transfer performance. To assess
the phase change performance of synthesized HNePCMs, a typical parameter termed heat
storage efficiency (γ) was used. The following mathematical relation is used to estimate (γ).

γ =

(
1− hf

hm

)
× 100% (7)

where hf denotes the enthalpy of freezing and hm denotes the enthalpy of melting of the
samples. The heat loss percentage of entire HNePCMs showed changes within a permissible
limit during the cyclic endothermic and exothermic process. The quality loss that occurred
while melting during the DSC test accounts for a higher enthalpy of melting for A25 (as
compared with freezing enthalpy) and the prepared nanocomposite.
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3.6. Thermal Conductivity of Hybrid Nanocomposites

In thermal management applications, the primary function of PCM is to effectively
store and release the generated thermal energy using its phase transition ability. The poor λ
value of pristine PCMs dampens both the heat storage and release rate, thereby restricting
its application range. A PCM having an enhanced thermal conductivity value raises the
rate of heat transfer during the phase transition process, which eventually shortens the
time for melting and solidification [40]. In this study, among all the synthesized composites,
(A25-0.3%) clocked a maximal λ value of 0.395 W/mK (detailed in Table 5). The increment
in λ value with hybrid nanofiller infusion could be detailed by two mechanisms, namely
the synergy effect and interfacial thermal resistance. The synergy effect (evaluated by
synergistic factor η) is strong in the composites, which predominantly forms an effective
thermal conductive layer, improving thermal conductivity. The nanoparticle dispersion
lowers the interfacial thermal resistance and improves thermal conductivity [41]. The
reagglomeration caused by the dispersion of nanofillers also supports the enhancement of
λ value.

Table 5. Thermal Conductivity of composites in solid-state.

Sample Thermal Conductivity of
Composites (W/mK)

Enhancement in Thermal
Conductivity (%)

A25-0.0% 0.208 ± 0.029 ----
A25-0.1% 0.242 ± 0.029 16.44
A25-0.3% 0.395 ± 0.029 89.88
A25-0.5% 0.290 ± 0.029 55.42

The excellent λ value of graphene sheets could be the root cause of a boost in of λ value
of hybrid nanocomposite [42]. The nanofillers hold an ultra-thin surface with a negligible
thickness, resulting in an almost zero aspect ratio of graphene sheets [43]. A percolating
thermally conductive network could be generated in the PCM matrix with graphene sheets
having these features. Furthermore, a tunnelling impact that occurs among adjoining
graphene sheets also assists in boosting the λ value of samples. The graphene sheets form
an entire conductive network by contacting the adjacent nanosheets in percolation, and a
substantial increment in the amount of graphene sheets raises the number of conducting
networks until the conductivity levels show a decline [44]. Graphene holds an inherent
ability to generate an uninterrupted, thermally conductive chain mainly because of its
negligible aspect ratio, which improves thermal conductivity [45].

Furthermore, the hybrid nanoparticles connect within the PCM matrix, as graphene
sheets exist along with spherical-shaped silver nanofillers [29]. The electrons jump in
between adjacent graphene sheets in the matrix with the assistance of silver nanomaterials.
Hence, the nanocomposite possesses a stronger energy transport within the matrix [46].
The impact of interfacial thermal resistance between hybrid Gp-Ag nanofillers and PCM
matrix cannot be overrated in solid-state nanocomposites. The interfacial thermal bound-
ary resistance could hinder the enrichment of λ value in nanocomposites. This is mainly
because the dimensionality of nanofillers is intensified based on the results for 2-D ma-
terials, including graphene nanoflakes [47]. The nanocomposites had maximal thermal
conductivity at 0.3 Wt%, corresponding to an 89.88% rise. The conductivity further slips
to 0.290 W/mK at 0.5 wt%, which shows only an increment of 55.42%. As the nanofiller
dispersion crosses the 0.3 Wt% mark, thermal conductivity shows a declining trend. A
maximum of 89.88% and a minimum of 16.44% improvement in λ value are obtained with
the addition of Gp-Ag nanofillers in wax (shown in Figure 9). The decline in λ value with
a rise in nanofiller loading is mainly because (1) the thermal network gets broken down
because of the agglomeration of hybrid nanofillers; (2) an increment in phonon-impurity
(nanofillers) scattering as the loading rate of nanofillers rises; and (3) finally, a synergic
effect of both thermal network crackdown and rise in scattering.
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3.7. Infrared Thermal Imaging

The surface temperature distribution of pure and HNePCMs at various time stamps
during the melting process are detailed in Figure 10 (IR thermal images of pristine and
HNePCMs). The change in temperature of the samples could be noted from the color
pattern, which denotes a lower to higher temperature transition using colors ranging from
blue to red. The uniform melting of all samples was noted at a constant temperature. The
HNePCM composite displayed both rapid heat absorption and thermal management when
compared with pure A25 PCM under each moment due to dispersed hybrid nanofillers,
indicating an incredible temperature and time-regulating ability during the heating process.
Figure 10 shows that the HNePCMs logged a higher temperature at every timestamp when
compared with pure A25. This indicates that the sample’s overall thermal absorption and
transfer ability improve with a rise in nanofiller content, and it could be effectively used in
building thermal management.
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4. Conclusions

In this experimental work, hybrid nanocomposite phase change materials were pro-
duced by dispersing hybrid graphene–silver nanofillers in paraffin wax (A25H) by a
two-step method. The primary goal of the experiment was to boost the optical and thermo-
physical characteristics, particularly thermal conductivity (which is still essential in thermal
energy storage applications) for building thermal management. A comparative summary
of thermophysical properties of paraffin-based nanocomposites dispersed with different
dimensional nanofillers is presented in Table 1. The thermophysical characterization results
and its trends clearly state that the synthesized composite is homogenous. To the best of
our knowledge, the synthesis of HNePCM loaded with 2-D graphene–silver nanofillers in
low-temperature paraffin and its detailed thermophysical characterization remains a novel
work. An in depth thermophysical characterization of the novel hybrid nanocomposite at
solid state was conducted, and the crucial results are summarized below:

(1) The novel hybrid nano-enhanced composite phase change material logged an in-
crement in enthalpy in comparison with base (6.7%). An increment in enthalpy for
nanocomposite is preferable as it can retain more heat, even with the same amount
of PCM.

(2) Thermal conductivity was increase by a maximum of 90% with the dispersion of
graphene: silver nanofillers (0.3 wt%). Enrichment in thermal conductivity causes a
drop in interfacial thermal resistance, and this improves the charging efficiency of
HNePCM when used for thermal energy storage.

(3) The pure paraffin had a maximal solar transmissivity of around 87%, and the A25-0.3%
sample (0.3% nanofiller loaded) clocked a maximum transmissivity of 0.01%. This
result shows that the hybrid nanocomposite could be used in shielding UV rays.

(4) The thermal stability of the composites was also enhanced with the nanofiller infusion.
A maximum increment of 5.7 ◦C was found in THRI results.

(5) Moreover, FT-IR results confirm that the synthesized samples were composites.

The outlined thermophysical characterization results justify an enrichment in thermo-
physical properties, particularly λ value, optical property, enthalpy, and finally, thermal
stability. In addition, the hybrid nanocomposite also had good thermal energy storage
capability. The melting and freezing points of the samples lie in the range of 21–27 ◦C. The
fabricated composite could be used for different applications, e.g., the thermal management
of PV panels, buildings, etc. This work may provide new insights for fabricating hybrid
nanocomposites, presenting broader applications with highly thermally conductive and
solar spectrum absorptive capabilities. Finally, with the addition of graphene–silver hybrid
nanofillers to low-temperature paraffin, next-generation hybrid composites with improved
heat storage and solar absorptivity were synthesized successfully.
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