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Abstract: We report results concerning the functionalization of graphene-based nanoplatelets for
improving the thermal energy storage capacity of commonly used phase change materials (PCMs).
The goal of this study was to enhance the low thermal conductivity of the PCMs, while preserving
their specific and latent heats. We focused on wax-based PCMs, and we tested several types of
graphene nanoparticles (GNPs) at a set of different concentrations. Both the size and shape of
the GNPs were found to be important factors affecting the PCM’s thermal properties. These were
evaluated using differential scanning calorimetry measurements and a modified enthalpy-based
water bath method. We found that a small addition of GNPs (1% weight) with high aspect ratio is
sufficient to double the thermal conductivity of several widely used PCMs. Our results suggest a
simple and efficient procedure for improving the thermal properties of PCMs used in thermal energy
storage applications.

Keywords: thermal storage; PCM; nanoplatelets; graphene-based PCMs; thermal conductivity

1. Introduction

Common heat transfer fluids (HTF), such as water, oil, and ethylene glycol solutions,
have comparatively low heat transfer rates, implying low efficiency and large structures,
that affect both the manufacturing and operating costs. Storing heat exploiting the solid–
liquid phase transition in PCMs is highly preferred due to the large amount of latent heat
and the negligible changes associated with volume and temperature. In particular, paraffin
wax has attracted attention because of its low cost, stability, and chemical inertness [1].
However, paraffin wax, in common with many PCMs, has low thermal conductivity, which
inhibits quick heat transfer and limits its use as an energy storage material. Replacing the
conventional HTFs with nanofluids [2], specifically fluids with dispersed nanometer-sized
particles, could increase the efficiency of PCMs in a simple and effective manner [3–6]. Most
of the heat transfer nanofluids use water as base fluid and dispersed metal, metal oxide,
carbon, and semiconductor oxide nanoparticles. The parameters affecting the thermal
efficiency of flat-plate solar collectors (FPSCs) are the mass flow rate of the nanofluid and
the characteristics of the nanoparticles, i.e., their type, size, and concentration [7].

The metal nanofluids typically used as heat transfer fluids in FPSCs contain copper
(Cu), aluminum (Al), and silver (Ag) nanoparticles, while the metal oxide nanofluids
contain copper oxide (CuO), aluminum oxide (Al2O3), magnesium oxide (MgO), and iron
oxide (Fe3O4) [8]. These nanoparticles have the advantage of fewer sedimentation problems
due to their relatively low density [9]. Among them, the Al2O3/H2O nanofluid is the most
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commonly used in FPSCs because it is inexpensive and characterized by low density and
high thermal conductivity [10]. Many researchers have studied the influence of Al2O3
nanoparticle concentration on the thermal properties of the resulting nanofluid, ranging
from 0.05 to 0.03 ratio, at various mass flow rates, from 0.96 to 7.5 kg/min, experimen-
tally [11,12], numerically [13–18], or both [19–22]. The effects on the thermal efficiency of
FPSCs have also been investigated with different flow regime conditions, various particle
sizes, and mass concentrations, for Cu/H2O and CuO/H2O [23–25], and for MgO/H2O
and Fe3O4/H2O [26–28] nanofluids. There are also some studies referring to the use of a
Silver–H2O nanofluid in FPSCs [29,30].

In addition to metal/water and metal oxide/water nanofluids, many types of semiconduc-
tor oxide nanofluids have been used in FPSCs, such as TiO2/H2O [31–33], CeO2/H2O [34,35],
and WO3/H2O [35]. The major drawback of the TiO2/H2O nanofluid is the sedimentation
of Ti nanoparticles [36]. Moreover, semiconductor oxide nanofluids exhibit a smaller im-
provement in FPSC thermal efficiency compared to metal/water and metal oxide/water
nanofluids. SiO2/H2O nanofluids have also been used as HTFs in FPSCs, although the
thermal conductivity of SiO2 nanoparticles is smaller compared to that of others [37–41].

The most recent studies have focused on nanofluids based on carbon nanostruc-
tures [42], such as graphene [43], graphene oxide (GO) [44], graphene nanoplatelets
(GNPs) [45], single-wall carbon nanotubes (SWCNTs) [46,47], and multi-wall carbon nan-
otubes (MWCNTs) [48]. These materials have exhibited thermal conductivities that are
much higher than those of other nanoparticles, resulting in significant improvement in
FPSC thermal efficiency. In the past few years, some researchers have investigated the
behavior of hybrid nanofluids consisting of two or more different nanoparticles dispersed
in the base fluid as HTFs in FPSCs. In particular, the hybrid nanofluids consisting of TiO2-
Al2O3/H2O, CuO-MWCNTs/H2O, and MgO-MWCNTs/H2O [49], Al-Cu/H2O [50], and
CuO-Al2O3/H2O [51] have been studied at various concentrations of nanoparticles and
different mass flow rates. Furthermore, a few researchers have used water with ethylene
glycol (EG) [52], pure EG [38,52,53], or deionized (DI) water [39,43–45] as base fluids. It
was found that the thermal efficiency of FPSCs was improved considerably when using
either MWCNT/H2O or SWCNT/H2O nanofluids compared to metal/H20 or metal ox-
ide/ H2O nanofluids, which exhibited better performance than the semiconductor oxide
nanofluids [7]. The best performer of the metal oxide/water nanofluids CuO/H2O, yielded
improvements of the thermal efficiency of the FPSCs up to approximately 37%, while the
Al2O3/H2O nanofluid produced an improvement of about 32%.

More attention must be paid to the shape and size of the nanoparticles, as these are the
key parameters that influence the thermal conductivity of nanofluids and the interaction
mechanism of nanoparticles with the base fluid [54].

It has been found that, in general, carbon-based nanostructures and carbon nanotubes
exhibit far greater enhancement in thermal conductivity in comparison to metallic and
metal oxide nanoparticles [55,56].

A number of theoretical studies have suggested that reduced particle size induces
mechanisms in the suspension that could account for increased thermal conductivity, such
as the Brownian motion of the nanoparticles, liquid layering at the liquid–particle interface,
and the effect of nanoparticle clustering [57]. In particular, the effect of clustering has been
found to be important. Effective-medium theories that take into account the clustering effect
have been in better agreement with experimental values of thermal conductivity [58–60].
The effective volume of a cluster is considered much larger than the volume of the particles
due to the lower packing fraction (ratio of the volume of the solid particles in the cluster
to the total volume of the cluster) of the cluster [61]. Heat transfer is assumed to be faster
within such clusters, and the volume fraction of the highly conductive phase, now taken
to be a cluster rather than solid particles, is also larger. Experiments have shown that
nanoparticles did not stay dispersed for long, forming clusters, linear chain configurations,
and fractal-shaped aggregates [62,63]. In addition, longer aspect ratio particles, such
as nanofibers, carbon nanotubes, or nanowires, were found to further enhance thermal
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conductivity [64–67]. A number of studies have shown that when spherical and cylindrical
particle shapes are compared, the cylinders show an increased thermal conductivity over
the spheres with the same volume fraction and particle volume. It has been hypothesized
that the longer aspect ratio particles can form a mesh that would span throughout the fluid
and conduct heat throughout the fluid [64,68]. Evidence of percolation in carbon nanotubes
and polymer composites has been reported [60,69,70].

With respect to phase change materials, a few studies have been reported in the lit-
erature involving various different higher conductive additives, and those pertaining to
paraffin wax are summarized below. Graphite nanofibers with diameters of 2–1000 nm
and lengths up to 100 µm with thermal conductivity of around 880 W/mK were mixed
with paraffin (melting temperature of 56 ◦C and thermal conductivity of 0.25 W/mK) and
were reported to increase the thermal conductivity up to 180% at an 0.08 mass fraction.
A simultaneous decrease in the latent heat of fusion of 271.6 J/g in the pure paraffin to
242.7 J/g in the 8 wt % NP-enhanced paraffin was also observed [71]. Carbon nanostruc-
tures had even higher thermal conductivities, in certain directions as high as 3000 W/mK,
and are therefore, attractive as additives for phase change storage materials. Zeng et al. [72]
used multi-wall nanotubes with an outer diameter of 10–30 nm and a length of 5–15 µm
with 1-tetradecanol (TD) as the PCM (melting temperature of 35 ◦C) with mass fractions
up to 0.05. They observed a linear enhancement of thermal conductivity of to up to 30%
with negligible change in the heat of fusion. Li [73] studied the thermal conductivity of
nanographite and paraffin composites with graphite particles with diameters of 35 nm.
They found greatly increased thermal conductivities of 0.3650 W/mK for mass fractions of
0.01, and up to a value of 0.9362 W/mK for a 0.1 mass fraction. At the same time, the latent
heat was reduced from 209.33 J/g for pure paraffin to 202.6 J/g and to 181.81 J/g for 0.01
and 0.1 mass fraction of graphite nanoparticles, respectively.

Drzal et al. [74] showed that exfoliated graphite nanoplatelets with a diameter of
15 µm, a thickness of less than 10 nm, and BET surface area of around 30 m2/g, when
mixed with paraffin (n-docosane, with melting temperature 53–57 ◦C) with a mass fraction
up to 0.07 xGnP-15, linearly increased the thermal conductivity to a value of 0.8 W/mK.
In addition, they reported negligible changes in the latent heat fusion with the addition
of up to a 0.07 mass fraction of graphite nanoplatelets. The graphite nanoparticles were
produced from graphite flakes intercalated with an H2SO4 compound and were subjected
to rapid heating in a microwave environment, resulting in exfoliation up to 300–500 times
their initial volume. SEM images showed accordion-shaped structures with large pores that
could be tailored to the desired micron-size diameter by subsequent pulverization using
an ultrasonic processor (xGnPTM). The xGnPs were found to maintain a layered structure
similar to natural graphite flake.

In this study, we chose to work with exfoliated expanded graphite nanoplatelets of
differing sizes, aspect ratios, and surface areas that were similar in concept to those used
by Drzal et al. The nanoplatelets had in-plane and out-of-plane thermal conductivities of
3000 and 6 W/mK, respectively. They were chosen because of their superior thermal con-
ductivity compared to that of carbon nanotubes and their reduced cost. Additionally, they
came with high dimensional aspect ratios and could be tailored to different sizes. We report
here the measured thermal conductivities of the composite materials, as well as the specific
heats and heats of fusion as a function of a mass fraction up to 0.06. Composites of paraffin
and graphite nanoplatelets with diameters in the 1–15 µm range and thicknesses in the
6–15 nm range were prepared. For a 0.06 mass fraction with 15 µm diameter nanoplatelets,
the thermal conductivity of the composite was found to be 0.78 W/mK, representing an
~250% increase in the pure paraffin’s thermal conductivity measured at 0.22 W/mK. We
found that thermal conductivity was enhanced at even lower mass fractions with the
addition of a 0.01 mass fraction to nanoplatelets with 15 µm diameters (k = 0.44 W/mK,
~100% increase). In addition, the heat of fusion was found to be reduced up to 10% when
the mass fraction increased, but it remained within 2% of the pure value for low mass
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fractions. Some preliminary efforts were undertaken to compare our findings in thermal
conductivity with theoretical predictions within the effective-medium approach.

2. Materials and Methods

Paraffin with a melting temperature of 53 ◦C was provided by PCM Products Ltd.
(Peterborough, UK), and graphite nanoplatelets (xGnP) were provided by XG Sciences, Inc.
(Lansing, Michigan, USA) Graphite nanoplatelets are ultrathin particles of graphite that can
also be thought of as short stacks of graphene sheets made with thicknesses beginning at a
few nanometers and diameters ranging up from a few microns. In this study, we obtained
data for three different types of nanoplatelets: grade M (thickness of 6–8 nm, diameter
of 5 µm (M5) and diameter of 15 µm (M15) and typical surface area of 120 to 150 m2/g)
and grade H (thickness of 15 nm, diameter of 5 µm (H5), and typical surface area of
50–80 m2/g). Details about the physical properties and images of the nanoparticles can be
found in the corresponding datasheets from the manufacturer [75]. A typical DSC curve
referring to A53 + H5 0.01 mass fraction is depicted in Figure 1. Finally, we also report on
nanoplatelets (grade C) that typically consist of aggregates of sub-micron platelets with a
particle diameter of less than two microns, thickness of a few nanometers (C750), and a
surface area of 750 m2/g.
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Figure 1. Typical DSC curve (A53 + H5 0.01 mass fraction).

2.1. NP-Enhanced PCM Preparation

Paraffin wax was melted at 70 ◦C, and the nanoplatelets were added to the liquid
paraffin by stirring at 0.005, 0.01, 0.02, 0.03, 0.04 and 0.06 mass fractions. The liquid
composite was magnetically stirred for 30 min at a rotation speed of 250 rpm while the
temperature was kept constant. When discussing the thermal properties of enhanced phase
change materials in the literature, both mass and volume fractions are used. In order
to facilitate comparisons, the conversion between the volume and mass fractions for a
two-component system is given below (Equation (1)):

φvol =
φwtρm

φwtρm + (1 − φwtρd)
(1)

where ρm = 914 kg/m3 and ρd = 2200 kg/m3 are the densities of the paraffin matrix and
the dispersed component, respectively; and φvol and φwt denote the volume and mass
fractions, respectively.
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2.2. Thermal Conductivity Measurements

For the thermal conductivity measurement, we used a modified enthalpy-based water
bath method, described in details elsewhere [76]. In contrast to the T-history method, we
used only one cylindrical tube with a length of 25 cm, an external diameter of 1.2 cm, and
a thickness of 1 mm. A schematic representation of the experimental setup is shown in
Figure 2. The tube was borosilicate glass (Schott Duran®), with a thermal conductivity
of 1.2 W/mK at 90 ◦C and a density of 2.23 g/cm3. The specific heat of the tube (not
provided from the producer) was evaluated as a weighted average of the specific heat of its
constituents, i.e., 81% SiO2, 13% B2O3, 4% Na2O + K2O, and 2% Al2O3. Two 5 mm NTC
Thermistors of 14 Kohms each (Mouser Electronics, Inc., Buckinghamshire, UK) were used
for the temperature measurements. One was placed at the center of the tube containing
the PCM composite, and the second one was attached to the tube’s external surface. The
temperature was obtained with an MCC USB data acquisition card. The tube with the
PCM was initially equilibrated in a water bath of a certain temperature (well above the
melting point) and was subsequently immersed into a cold water bath with a constant
temperature of 10 ◦C. Taking into account the geometry of the tube, i.e., that its length
was approximately 20 times longer than its diameter, we assumed that we were dealing
with 1-dimensional transient heat conduction problems in cylindrical coordinates. By
using a non-linear minimization procedure, the thermal conductivity could be evaluated
by adjusting the numerical predictions with the experimental data [76].
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Figure 2. Experimental setup.

2.3. Specific Heat Capacity and Heat of Fusion

The specific heat capacity and heat of fusion were measured with modulated dif-
ferential scanning calorimetry (MDSC). MDSC differs from standard DSC in that it uses
two simultaneous heating rates: a linear heating rate that provides information similar to
standard DSC and a sinusoidal or modulated heating rate that permits the simultaneous
measurement of the sample’s heat capacity.



Energies 2022, 15, 1192 6 of 12

3. Results and Discussion

The measured thermal conductivities as a function of mass fraction of the various
graphite nanoplatelets can be seen in Figure 3. The accuracy of the thermal conductivity
values was calculated to the second decimal point, while the uncertainty evaluated at
±0.03 was obtained from the standard deviation of the measured values of 27 individual
samples. There was an overall increase in thermal conductivity upon the addition of the
nanoplatelets, although the effect was not linear, and it was different for each particular
type of nanoparticle. The largest increase was seen in the M15 sample in the low mass
fraction regime up to 0.01 and at 0.06 mass fractions. The thermal conductivity increased
by 100% to the value of 0.44 W/mK from the 0.22 W/mK for pure paraffin with a 0.01 mass
fraction (~0.004 volume fraction) and almost 250% with a 0.06 mass fraction (~0.026 volume
fraction). The thermal conductivity did not increase linearly, most probably due to the
interfacial resistance upon reaching the percolation threshold. The increase observed
though is similar to that found in the literature for a similar-sized graphite nanoplatelets
with a 15 µm diameter [1,74]. Samples M5 and M15 differed only in diameter; sample
H5 had the same diameter as M5, but it had a smaller overall surface area. Samples with
M5 also showed a significant increase in the thermal conductivity of the order of 60% to
100% for mass fractions between 0.02 and 0.06 (~0.008 and 0.0025 volume fraction). The
composite with C750, the nanoplatelets with smaller size, more spherical shapes, and
larger surface areas had less of an effect on thermal conductivity than the other composites,
showing a small increase of ~13% that was rather constant for the whole range studied. At
the higher end studied, for a 0.06 mass fraction (~0.025 volume fraction) for samples M5
and H5, the enhancement leveled off or reduced in contrast to M15, in which the thermal
conductivity markedly enhanced. We note here that no significant changes were found in
the melting points (<1 ◦C) of the nanofluids.
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Figure 3. Thermal conductivity of paraffin wax with graphite nanoplatelets as a function of
mass fraction with different sizes, aspect ratios, and surface areas: squares, M15 (d = 15 µm,
thickness = 6–8 nm, and surface area = 120–150 m2/g); rhombus, M5 (d = 5 µm, thickness = 6–8 nm,
and surface area = 120–150 m2/g); crosses, H5 (d = 5 µm, thickness = 15 nm, and surface
area = 50–80 m2/g); and triangle, C750 (d < 2 µm, thickness = a few nm, and surface area = 750 m2/g).

Figure 4 depicts thermal conductivity as a function of volume fraction in a prelim-
inary effort to compare with effective-medium models for thermal conductivity of two-
component composites.
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Maxwell assumed spherical, non-interacting nanoparticles without any interfacial
resistance between the matrix and nanoparticles. The following formula was derived for
the effective conductivity of two-component composite materials (Equation (2)):

ke = km(1 + (3φ(δ − 1))/ ((2 + δ − φ(δ − 1)) (2)

where φ is the volume fraction of the suspended medium and δ = kd/km is the ratio of the
conductivities. Although valid for low-volume, very dilute dispersion, it was also shown
to be applicable in dilutions of up to 0.1–0.20 volume fractions when δ >> 1 [66]. Figure 4
demonstrates that the Maxwell model underestimated the thermal conductivity in all cases
except the more spherically shaped C750.

Nan et al. [77,78] proposed an effective-medium model based on carbon nanotubes
and a matrix in which the effects of the aspect ratio of spheroidal particles and thermal
interface resistance are included. Xiang and Drzal [79] adopted Nan’s EMT model for
exfoliated expanded graphite nanoplatelets (xGnP, similar to the ones studied here) with a
diameter of 15 µm and a thickness of 15 nm, and they found that the model fit their data.
According to the model, the thermal conductivity ratio (Ke/Km) of isotropically oriented
ellipsoidal particles can be expressed by (Equation (3)):
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where t and d are the thickness and diameter, respectively, of the xGnP; and αk is the Kapitza
radius defined by αk = RkKm, with Rk as the interface resistance. The thermal interface
resistance at the boundary of graphite and paraffin was estimated using Nan’s model by
Xiang and Drzal [79] as 7–8 × 10−8 m2 K/W, a value that is very close to the interfacial
resistance of 8.2 × 10−8 m2 K/W across the carbon nanotube water matrix reported by
Huxtable et al. [80].

Following Nan et al. [78] and Xiang et al. [79], we assumed that the nanoplatelet
was coated with a thin, interfacial thermal barrier layer with a Kapitza radius defined
by the estimated value of the thermal interface resistance (Rk = 8.2 × 10−8 m2 K/W).
Figure 4 shows the resultant theoretical prediction for the different sizes, aspect ratios,
and experimental data. Samples with M5 nanoparticles seemed to be a better fit than
samples with M15. The model overestimated the thermal conductivity of samples with
H5 nanoplatelets, especially at higher mass fractions. The two types, M and H, differed
in overall surface area due to the method of preparation, with M15 and M5 having larger
surface areas than H5. Direct comparison between samples with M5 and H5, which had
the same diameter, suggested that larger surface area led to increased thermal conductivity.
However, the C750 samples, which had the largest surface area, showed the smallest
increase, suggesting that the effects of shape anisotropy and higher aspect ratio were more
important factors than surface area. The effect of surface area is not clear at this time,
and more data would be required to reach a sound conclusion. In addition, it should be
noted that a large amount of uncertainty arises from the accuracy of the reported particle
shape and size. Reported data in this study were taken from the manufacturer’s nominal
information and were not measured directly.

For samples with M15 nanoplatelets, the model underestimated the thermal conduc-
tivity in the low mass fraction regime, and it overestimated it above a 0.01 volume fraction.
It should be noted that the model may not be valid for the whole range studied, especially
for the longer M15 nanoparticles, as it assumes isolated nanoparticles. However, evidence
from electrical measurements of paraffin/xGnP composites of similar sizes suggests that a
percolation conductive path was formed at as low as with a 0.01 volume fraction for a 15 µm
diameter nanoplatelet. No evidence of percolation was found at a 0.02 volume fraction for
smaller-diameter nanoplatelets of 1 µm [79]. Perhaps, this may account for the better fit
for the samples with M5 nanoplatelets as well as the increased thermal conductivity of the
longer nanoparticles at the low mass fractions.

In Figure 5, the heat of fusion is shown as a function of mass fraction for the different
nanoplatelets. It can be seen that thermal conductivity for the small mass fraction of 0.01 in
the M15 samples increased by 100%, and the heat of fusion reduced only slightly (~2%).
The heat of fusion gradually reduced with the increase in mass fraction to about 10% for
a 0.06 mass fraction. A similar trend was seen for the samples with C750 nanoplatelets.
Interestingly, the M5 nanoplatelets seemed to leave the heat of fusion largely unaffected up
to a 0.06 mass fraction.
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Similarly, the specific heat capacitance Cp (Figure 6) showed negligible change as a
function of mass fraction for the liquid phase of the M15 sample at a 0.01 mass fraction.
In the solid phase, the respective change was 0.02 with a 0.01 mass concentration, which
increased to 14% at the maximum mass fraction studied.
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In conclusion, we performed an extensive study on various types of nanoparticle
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mixed in paraffin increased thermal conductivity at relatively low mass concentrations
(0.01 and 0.06 mass fractions). In particular, we found that graphite nanoparticle additions
at the above fractions with a diameter of 15 µm and thickness of 6–8 nm increased the
thermal conductivity by 100% to 250%, respectively. Additionally, the heat of fusion was
only slightly reduced from 2–10% for the 0.01 and 0.06 mass fractions, respectively. These
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