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Abstract

In recent years, thermal energy storage (TES) has gained attention for its role in enhancing
renewable energy solutions and sustainable energy consumption. The usage of strontium chloride
hexahydrate (SCH), graphene nanoplatelet (GNP), and cellulose nanofibril (CNF) additives were
investigated to enhance the performance of calcium chloride hexahydrate (CCH) based on the
melting/solidification behavior for TES applications. In this work, we develop a promising phase-
change-material (PCM) formulation by introducing these additives that reduce supercooling,
improve the thermal conductivity and stabilizing the energy storage capacity of CCH. Rheological
characterizations demonstrated that the addition of 1 wt% of CNF into CCH produced the required
improvement in viscosity and boosted solid-like rheological behavior. Structural characterizations
show a physical mixing of the materials within the PCM composites. Our observations show that
the amphiphilicity of CNF enables the surface attachment to GNP via hydrophobic interactions
providing effective dispersion of GNP throughout the PCM composite. The addition of a
nucleating agent, SCH decreased the degree of supercooling of ~20g of CCH from > 20 °C to 3
°C at a cooling rate of 5 °C /min. Thermal characterization showed the resulting PCM composite
has a latent heat of melting of 186 Jg-!, phase change temperature of 32 °C, and stable thermal
properties after being subjected to 70 melt-freeze cycles. Adding CNF and GNP to pure CCH
increased its thermal conductivity by 76%. The high thermal conductivity of GNP and its effective
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dispersion by CNF is responsible for this enhancement. The study highlights the use of
biodegradable nanocellulose for the preparation of sustainable PCM composites with improved
performance. These PCM composites are scalable, they have potential to increase energy
efficiency and revolutionalize the heating/cooling applications in buildings and other TES systems.

Keywords: Thermal energy storage, supercooling, calcium chloride hexahydrate, cellulose
nanofibril, graphene nanoplatelets, thermal conductivity

1 Introduction

Global energy consumption rates continue to increase due to a growing population, expanding
economy, and a rising desire for a better quality of life [1]. The major contribution to energy
consumption comes from heating and cooling of residential and commercial buildings that
contributes to 40% of total annual electricity consumption. Due to the widespread usage of fossil
fuels and greenhouse gas emissions, the increased energy consumption will have a negative impact
on the global energy ecosystem. Therefore, it is imperative to develop eco-friendly, renewable,
and sustainable energy generation and storage solutions for building technology applications.
Utilizing latent heat thermal energy storage systems (LHTESS) is a suitable and efficient strategy
for storing energy for use at a later time, leading to increased energy efficiency and cost savings
[2]. Phase change materials (PCMs), a notable class of LHTESS, have attracted interest due to
their remarkable thermophysical properties [3]. These materials have a variety of uses, including
buildings [4], cooling [5], desalination [6], and heat exchangers [7]. In building applications,
PCMs are utilized to minimize heat transfer between a building and its environment. PCMs store
energy in both sensible and latent forms, allowing them to minimize heat transfer between a
building and its environment [8].

Inorganic PCMs based on salt hydrates for latent heat thermal energy storage are a prominent
subset of PCMs that attracted considerable attention, due to their high volumetric energy storage
capacity, availability across a broad range of acceptable melting temperatures, non-flammability,
significant volumetric storage capacity, and cost-competitiveness relative to other PCM classes
such as paraffin, waxes, and fatty acids [9]. While pure salt hydrates like sodium sulfate
decahydrate (Na,SO, -10H,0) and calcium chloride hexahydrate (CaCl, - 6H,0, CCH) may meet
the temperature and energy storage capacity requirements for building applications, they also
suffer from limitations due to incongruent melting, phase separation, low thermal conductivity,
and supercooling [10,11]. When phase separation occurs, there is a high likelihood of precipitation
of anhydrous salt or partial hydrates during the melting of salt hydrates, attributed to the difference
in solubility. The settling of the salt ultimately leads to a drop in the energy storage capacity of the
PCM after successive thermal cycles [11]. Also, supercooling phenomenon results in crystallizing
at temperatures substantially below the freezing temperature due to the absence of adequate
nucleation sites to trigger crystallization. This impacts the release of heat by salt hydrates and
causes a large temperature differential between melting and freezing. Therefore, to realize the
promise of PCMs for widespread TES applications, these fundamental issues must be addressed.

To address the critical challenges in salt hydrate PCMs, several approaches are utilized including
the use of additives such as thickeners, thermally conductive fillers, and nucleators to withstand
numerous heat cycles, increase thermal conductivity and reduce supercooling effectively [5,10,12—
14]. For instance, Zhang et al. [15] fabricated a composite PCM based on CCH, diatomite, and
paraffin. The enthalpies of fusion and freezing for the resultant composite are 108.2 and 98.5 Jg'!,
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respectively. The composite showed excellent stability up to 100 melt-freeze cycles. By combining
urea, ammonium chloride, and SCH with sodium carboxymethyl cellulose as nucleators, Li et al
[16] were able to adapt and optimize the characteristics of CCH. The final PCM composite has the
following properties: 9.51 °C phase change temperature, 0.39 °C supercooling degree, 99.08 Jg-!
melting enthalpy, and 0.330 W/m-K thermal conductivity. The PCM showed good thermal
reliability and stability after 50 successive thermal cycles. In another work, Thakkar et al. [17]
reported a CCH-based composite PCM with optimized thermal properties using 2 wt% of SCH to
reduce supercooling from 12 °C to 0 °C. Furthermore, 5 wt% NaCl/KCl was utilized as a stabilizer,
preventing phase separation and incongruent melting. The prepared composite PCM had a melting
enthalpy of 169 Jg! after 25 melt-freeze cycles. The supercooling degree of CCH was found to be
decreased from 22.06 °C to 3.89 °C when using 1 wt% boron nitride nanosheets, as reported by
Zhang et al. [18]. The thermal conductivity also rose, from 0.3 to 3.918 W/m-K. During further
investigation, it was found that after 20 cycles, the latent heat of melting was 144.19 Jg-!. In another
study, Xu et al. [19] reported a novel composite PCM using CCH with graphene oxide nano-sheets
and SCH. The novel PCM significantly reduced supercooling degree in CCH by 99.2% and the
reported melting enthalpy was 198.20 Jg! after 250 cycles. While these studies have shown
property enhancement of CCH salt hydrates using various additives, some additives require harsh
conditions of increased temperature or acidic treatment during preparation and expensive materials
cost, for example boron nitride nanosheets, and graphene oxide. Moreover, there is a sparse
knowledge on the impact of the thickeners and additives on the rheological properties of the salt
hydrate. Thus, there is a need for further research on the adoption of environmentally friendly
additives to enhance the properties of salt hydrates for better design efficient PCM.

Nanocellulose-based materials including cellulose nanofiber (CNF) have recently gained research
attention for the enhancement of salt hydrate PCMs due to their excellent chemical and thermal
stability, sustainability, high abundance, as well as low cost [20—22]. CNFs have high moduli and
aspect ratio, which enhances the formation of entangled networks with high gel strength when
dispersed in an aqueous medium [23]. The gel strength is dependent on the concentration of CNF
added to the mixture, as reflected by the storage and loss moduli values. At the critical
concentration of CNF, the mixture forms a three-dimensional gel-like structure due to the
entanglement of the nanofibrils and the hydrogen bonds between adjacent nanofibrils, which could
form a compact structure in PCM mixtures [24]. Also, there is an increase in viscosity by physical
thickening which limits the diffusion length of water and helps prevent phase separation or
incongruent melting in salt hydrates. To enhance the thermal conductivity of salt hydrates, carbon-
based materials including graphene, expanded graphite (EG), carbon nanotube (CNT), graphene
oxide (GO), and graphene nanoplatelet (GNP) have been used extensively [25-28]. This is due to
their high thermal conductivity. For instance, Hirschey et al [29] reported a 583% increase in
thermal conductivity of salt hydrate PCM mixture when 25wt% EG was introduced. Shen et al.
[24] also used GNP as thermal conductivity enhancers for sodium acetate trihydrate based PCMs
and 55.2% increased in thermal conductivity was achieved with 2.5wt% GNP. However, these
carbon-based thermal conductivity enhancers are prone to aggregation due to the influence of van
der Waals interaction among the particles [24,30]. To solve the agglomeration problem with
carbon-based thermal conductivity enhancers, this study shows that CNF could be adopted as an
excellent dispersant of the carbon-based thermal conductivity enhancer in the PCM systems,
thereby improving the overall properties of the composite PCMs. This is justified with other
studies reporting that CNF has been demonstrated to effectively disperse these carbon-based
components without affecting their characteristics [31-33].
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Therefore in this work, we investigated the enhancement of CCH PCM by reducing supercooling,
improving thermal energy storage performance and thermal conductivity by leveraging the
synergistic effect of CNF and nano-based additives. First, biodegradable CNF was incorporated
with CCH to develop CNF-based PCM composites with enhanced thermal energy storage
performance. Rheological experiments were used to examine the impact of thickening and
different concentration of CNF that provides the highest stabilization in CCH. Furthermore, the
right range of concentration of the nucleating agent was analyzed to give the lowest degree of
supercooling in CCH. GNP was added to improve the thermal conductivity of the composite
material. The produced PCM composites were thoroughly analyzed to characterize their structure,
morphology, thermal properties, and thermal cycling stability. Also, the enhancement mechanism
of the PCM was explained. The amphiphilicity of CNF is a key factor in the dispersion of GNP in
the PCM composite, leading to the formation of a compact and stable PCM composite with
enhanced thermal properties. The prepared PCM composites could be integrated into the TES
system for residential and commercial building applications.

2  Materials and Methods

2.1 Materials

Calcium chloride hexahydrate (CaCl,.6H,O, CCH, purity > 99%), and strontium chloride
hexahydrate (SrCl,.6H,O, SCH, purity > 99%) were obtained from Sigma-Aldrich, cellulose
nanofibril (CNF) were from University of Maine Process Development Center, and XG Sciences
Inc. supplied graphene nanoplatelets (GNP, Grade M) with a mean particle size of 5 nm. Materials
were used as-is, without any further treatment. The thermophysical properties of the materials used
in this study are reported in the Table 1 below:

Table 1. Properties of materials used in this study

Material” Melting Particle size (nm) | Thermal conductivity (W/m.K)
point (° C) Solid Liquid
CaCl,.6H,0O (CCH)? 29.8 - 1.0 0.54
SrCl,.6H,0 (SCH) 115 - - -
Graphene nanoplatelet (GNP) 3652-3697 5-15 30000 -
Cellulose nanofiber (CNF) - 5-200 - -

*Thermophysical properties are obtained from the materials safety data sheet
2 Melting enthalpy is 190 J/g
2 Thermal conductivity value when considered parallel to the surface

2.2 Methodology

2.2.1 Preparation of CCH/SCH, CCH/CNF, and CCH/SCH/CNF mixtures

Using CCH as the main component, CCH/SCH mixture was prepared by heat mixing CCH and
SCH for 1 hour in a 50 °C ultrasonification bath to enable homogenous mixing. In all formulations,
the amount of CCH was fixed while SCH was added with variation in doses between 1-7 wt%.
The CCH/SCH mixtures were labelled as CCH-S;, CCH-S;, CCH-S;, and CCH-S,;. CCH/CNF
mixtures were prepared by mixing various concentrations of CNF from 0.5 wt% - 2 wt% with a
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fixed concentration of CCH and stirring the mixture magnetically for 50 °C to ensure homogeneity.
For the preparation of CCH/SCH/CNF mixtures, several doses of CNF ranging from 0.5 wt% - 2
wt% was added to a fixed concentration of CCH and SCH. Further, the PCM mixtures were
magnetically stirred for 1 hour at 50 °C to enable a uniform mixture. The obtained mixtures were
labelled as CCH-SCoj, CCH—SCLO, CCH—SCl.j, and CCH—SCZ.O.

2.2.2 Preparation of nano-PCM composites

To prepare the nano-PCM composite, CCH, SCH, CNF, and GNP were mixed and kept under
magnetic stirring for 1 hour in a 50 °C water bath to enable homogenous mixing and dispersion.
After thorough homogenization, the prepared composite PCM was allowed to cool to room
temperature before further characterization. It is important to note that the GNP was used as
received without further processing and the CCH, SCH, and CNF components were kept at a fixed
concentration while varying the dosage of nanoadditive, GNP from 1wt% to 2wt%. The prepared
nano-PCM composites were labelled as CCH-SCG, j and CCH-SCGg; . Furthermore, the sample
matrix of the various formulations of the composite PCMs is reported in Table 2.

Table 2. The compositions of composite PCMs containing CCH, SCH, CNF, and GNP

Sample ID wt% of SCH, CNF, and GNP added to 100wt% of CaCl,.6H,O
SCH (wt%) CNF (wt%) GNP (wt%)

CCH-S, 1 0 0
CCH-S; 3 0 0
CCH-S;5 5 0 0
CCH-S, 7 0 0
CCH-Cy s 0 0.5 0
CCH-C, o 0 1.0 0
CCH-C; 5 0 1.5 0
CCH-C, 0 2.0 0
CCH-SCy 5 3 0.5 0
CCH-SC;, 3 1.0 0
CCH-SC; 5 3 1.5 0
CCH-SC,, 3 2.0 0

CCH-SCG 3 1.0 1.0

CCH-SCG,, 3 1.0 2.0

2.2.3 Sample Characterization

The structure of the PCM samples was studied using X-ray diffraction (XRD). The XRD patterns
of the PCM mixes were collected using a PANalytical Empyrean diffractometer to ascertain the
crystal structure of the materials. The tube current was 40 mA, and the X-ray voltage was 45 kV;
the Cu anode had a Ka of 1.54 A. At a scan rate of 1 °/min, XRD data were recorded across a 20
range of 5 © to 90 °. Attenuated total reflectance infrared spectroscopy (ATR-IR) spectra were
obtained using a PerkinElmer Frontier FTIR/NIR spectrometer fitted with a diamond ATR
attachment with a spectral resolution of 2 cm! in the 600-4000 cm-! range to examine the chemical
structure of the salt hydrate samples.

The thermophysical properties of the materials, such as phase change temperature and latent heat,
were investigated utilizing a differential scanning calorimeter (DSC 2500, TA Instruments) under
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a 50 mL/min nitrogen purge. Thermal cycling was performed on 10-20 mg of each sample at a
ramp rate of 5 °C/min between -40 and 50 °C in a hermetically sealed aluminum DSC pan. Melting
temperatures and phase transition enthalpies of PCM samples were determined from heating scans
using TA Instruments TRIOS Software.

Due to the low sample utilization and the limited capability of DSC characterization to show phase
segregation and supercooling to scale, the thermal cycling stability of PCM samples across a broad
range of temperatures was investigated using the Temperature-History (T-H) method. During the
T-H test, 15-20 g of PCM samples were placed within a borosilicate glass tube (length ~190 mm,
diameter ~10 mm). A 1/16-inch diameter hole for a T-type sheathed thermocouple insert was
molded into the rubber plug that sealed the glass tube. A borosilicate glass tube was filled with
water to serve as a reference medium. The glass tubes were subjected to thermal cycling at a ramp
rate of 5 °C/min between 5 and 50 °C in an ambient temperature chamber (ESPEC SH-242). The
chamber temperature was also measured using a 1/16 inch sheathed type T thermocouple. The
temperature of the chamber, reference, and PCM samples were acquired using a National
Instruments ¢cDAQ 9214 data collecting system at a sampling rate of 1 second per sample. The
temperature profile was used to examine the melting and freezing behavior of PCM samples. The
phase change temperature, latent heat, and supercooling were analyzed in accordance with these
earlier studies [34,35].

Using field-emission scanning electron microscopy, the microstructure and morphologies of the
base materials and the composite PCMs were studied. Furthermore, optical microscopy was used
to examine the structures of the CCH-based composites at room temperature. The rheological
characteristics of the PCM were examined using a rotating rheometer (ARES-G2; TA Instruments)
with a 40 mm diameter parallel plate geometry. The PCM samples were sandwiched between the
plates with a 1 mm separation. To prevent the evaporation of water from the samples, a solvent
trap was used. At 40 °C, the viscosity was evaluated as a function of shear rates ranging from 0.1
to 100 s-!, and samples were tested in shear rate-controlled mode. The linear viscoelastic area was
confirmed using an amplitude sweep test at a constant angular frequency (1 Hz) and a range of
strain from 0.1% to 1000%. Oscillatory tests were performed on PCM samples by measuring the
storage (G') and loss (G") moduli as a response to frequency (1-10 Hz) at a constant strain of 1%.
To ensure that the PCM stayed molten during the measurement, we kept the temperature at 50 °C.
Also, the nucleator, SCH was excluded from all the tested samples.

The Hot Disk technique [3][4] was used to determine the thermal conductivity of the PCM
samples. This method provides a direct measurement of the samples’ thermal conductivity. A
flexible sensor/heater with 2.0—7.5 mm radii and double-spiral nickel wire is inserted in the molten
PCM bulk samples for about 5-20 s at 0.1-1.0 W power. Under constant power, the resistance of
the nickel heater is evaluated. Also, the temperature at the contact may be calculated using the
known temperature coefficient of resistance of nickel. Through analysis of the recorded transient,
the thermal conductivity of the material can be determined. This method is in accordance with ISO
for measuring the thermal conductivity of materials [38].

3 Results and Discussion

3.1 Determination of the concentration ranges of nucleating agent

A major challenge with the use of CCH-based PCM in thermal energy storage applications is the
high degree of supercooling, which causes unpredictable phase change and temperature swings in
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the material. The degree of supercooling, AT is defined as the difference between freezing
temperature (Ty) and the onset of nucleation (T,), i.e. (AT = T - T,) [14]. As seen in the cooling
curves of the PCM mixtures after 3 trials using the T-history method in Figure 1, pure CCH did
not show freezing throughout the period under consideration, owing to higher degree of
supercooling, in essence there is the absence of adequate nucleation sites to initiate crystallization
or freezing. A common solution to this challenge is the use of a nucleation agent with a very similar
crystal structure to CCH and stability above the phase change temperature of CCH [39]. SCH,
which is isostructural with CCH and has a phase change temperature of 115 °C was selected and
tested as the potential nucleation agent. The cooling behavior of CCH with different concentrations
of SCH (1 wt% — 7 wt%) under 3 different trials are shown in Figure 1. The results showed that
the supercooling of the PCM mixtures drastically decreased to ~4.0 °C. This confirms the
effectiveness of SCH in providing adequate nucleation sites and enabling the timely crystallization
of CCH. The similar crystal structure of SCH and CCH promotes adherence of CCH to the surface
of SCH for faster nucleation [19]. In determining the amount of SCH required for effective
supercooling reduction, the repeated trials revealed that the concentration of SCH at 3 wt% showed
the lowest degree of supercooling. It is important to note that the supercooling degree varies among
the samples after repeated trials, this signifies the stochastic nature of the supercooling process.
Also, the freezing or release of thermal energy by the PCM sample with 3 wt% SCH showed
outstanding performance among the other concentrations after repeated analyses as revealed by
the freezing plateau, this indicates that the 3 wt% concentration of SCH is effective for reducing
supercooling in CCH. This agrees with the study by Li et al. in which 3 wt% of SCH was reported
as the ideal concentration for favorable reduction of supercooling [10]. Therefore, a 3 wt% SCH
was used for further testing. Although these experimental results indicate an optimal SCH
concentration near 3%, the sensitivity of supercooling to the SCH concentration is not significant
across the range evaluated.

Trial 1 Pure CCH Trial 2 Pure CCH Trial 3 ——Pure CCH
so1 ———CCH + 1w% SCH, AT =4.01°Q 504 ——CCH + 1 w% SCH, AT = 3.06 °C] 50 ———CCH + 1 w% SCH, AT = 2.74°C
A ———CCH +3w% SCH, AT =2.76 °C] = CCH + 3 w% SCH, AT = 2.73 °C{ === CCH + 3 W% SCH, AT = 2.29°C|
o 40- 1 e CCH + 5 W% SCH, AT = 3.97 °C L | ~——CCH + 5 w% SCH, AT = 2.97 °C| o 40 =——CCH + 5 w% SCH, AT = 2.65 °C
e, | = CCH + 7 W% SCH, AT = 2.76 °C] I \ e CCH + 7 W% SCH, AT = 2.77 °C} < ———CCH + 7 w% SCH, AT =2.82°C
@ @ ]
e g g
2 2 230
it jut o
g g g
£ £ £ 20
() (7] (0}
= = =
10
0 T : T r 0 T T T r 0 T T T T
50 100 150 200 250 50 100 150 200 250 50 100 150 200
Time [minutes] Time [minutes] Time [minutes]

Figure 1. Cooling curves for CCH with several concentrations of SCH under 3 different trials to
determine supercooling degree. AT is the difference between freezing temperature and the onset
of nucleation temperature.

3.2 Utilization of CNF and GNP in the synthesis of PCM composites

Another limitation that has hindered the widespread adoption of CCH in TES systems is low
thermal conductivity. This impacts the charging and discharging rate of the salt hydrate thereby
resulting in protracted thermal cycling duration, and ultimately lower thermal performance [18].
A solution to this problem includes the use of low-cost, higher thermal conductivity materials as
additives to enhance the effective conductivity of the CCH mixture. Graphene-based materials find

250
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relevance in improving the heat-transfer properties and efficiency of PCMs due to their intriguing
thermal characteristics [29]. Graphitic materials including graphene, compressed expanded natural
graphite, and functionalized graphene oxides can be used to improve thermal conductivity.
Although functionalized graphene oxides (GO) have been shown to have superior self-dispersing
capacity relative to graphite and graphene, the severe preparation conditions of these
functionalized GO induce structural defects in these materials which significantly affects their
thermal characteristics [40]. Furthermore, the chemical modification and functionalization of
graphene and graphite to enhance dispersion are also difficult, expensive, and detrimental to the
environment [24]. By using an ecofriendly dispersion procedure of GNP using CNF, we developed
a PCM composite with enhanced thermal properties based on CCH (salt hydrate), CNF
(dispersant), GNP (thermal conductivity enhancer), and SCH (nucleator). A possible explanation
is that the enhancement mechanism relies on CNF's entangled structure and amphiphilicity, which
enable it to engage in hydrophobic contact with GNP, resulting in an increase in the dispersion of
GNP in the composite system [41]. Also, CNF is capable to induce hydrogen bonding in the
material system, thereby controlling the release of water needed for crystallization and preventing
incongruent melting of CCH (Figure 2). Shen et al. [24] reported that GNP concentrations above
2.5 wt% did not show effective dispersion in the PCM matrix, due to the aggregation of the
nanomaterials in the PCM composite. Therefore, the concentration of GNP evaluated in this study
is between 1 wt% — 2 wt% for higher dispersion. To achieve maximum thermal performance of
the PCM composite, it is also important to optimize the ratio of CNF added to the composite
system. To this end, 3 wt% of SCH nucleator, and several concentrations of CNF ranging from 0.5
wt% to 2 wt% were added to CCH. The energy storage capacity of the respective composites was
tested after repeated thermal cycling. As shown in Figure 3, the samples with 0.5wt% - 1 .5wt%
CNF have similar melting enthalpy values and sample with 1 wt% CNF showing the highest value
of energy storage capacity of 181 Jg-!. Further increase in the concentration of CNF to 2 wt% led
to a corresponding decrease in the latent heat energy of the composites to 175 Jg!. The phase
change temperatures of the composites were measured in the range of 32.66 °C — 32.93 °C (Figure
3b). The addition of CNF led to an increase in the melting point of pure CCH from ~29 °C[42] to
~32 °C. The presence of fibrous structure of CNF in the PCM mixture delays the bond dissociation
of the atoms in the PCM mixture thereby leading to an increase in the melting point of the PCM
mixture.
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3.3 Microstructure Characterization of the PCM Composites

Scanning electron microscopy (SEM) was used to examine the microstructure and morphology of
the base materials and PCM composites at room temperature (Figure 4). First, Figure 4a shows
the SEM micrograph of pure CCH, which has a coarse crystalline structure and a crystal size
estimated to be less than five microns. The micrograph of CNF is characterized by a high aspect
ratio and entangled network structure, as shown in Figure 4b. The SEM image of GNP showed a
sheet-like structure with uneven multilayers and spaces between them (Figure 4c). With the
introduction of SCH and CNF to CCH, the resulting composite showed a compact structure with
a smooth appearance throughout the cross-section (Figure 4d). This indicates the compatibility of
the base materials to form a homogenous phase. The compact structure of the composite is related
to the charge screening effect by the ions of the salt hydrate particles making the cellulose fibrils
repel each other less strongly. The change in the colloidal contact coupled with the enhanced
hydrogen bonding between the fibrils reinforces the fiber networks and causes the nanocellulose
to be denser [41][43]. As a consequence, the PCM composite becomes uniform. Also, the
micrograph of PCM composites containing 1 wt% GNP and 2 wt% GNP are displayed in Figure
4e and Figure 4f, respectively. The composite showed a homogenous structure with the fibrillated
network of CNF spreading uniformly to enhance the dispersion of GNP throughout the composite
matrix. The effective dispersion of GNP is attributed to hydrophobic interactions between GNP
and CNF in which the CNF is linked to the GNP sheets. The CNF stabilizes the dispersed GNP by
sterically impeding its reaggregation [44]. Hence, the dispersive properties of CNF enabled the
formation of PCM composites with homogenous structures. To confirm the dispersive abilities of
CNF visually, two CCH and GNP-based samples, with and without CNF were prepared as shown
in Figure 4g. After 50 hours, changes in the samples were observed (Figure 4h). In the sample
without CNF as the dispersant, GNP particles settled down and agglomerated showing a separation
layer. However, the sample with CNF (1wt% CNF) maintained its homogeneity. This further
confirms the efficacy of CNF as a promising dispersant aiding the uniform distribution of thermal
conductivity additives in PCMs systems.

3.4 Rheology of the PCM composites

Rheological tests were conducted on CCH with varying concentrations of CNF (0.5 wt%, 1 wt%,
1.5 wt%, and 2 wt%) at the melted state (40 °C) to evaluate the impact of the thickener on the
rheological properties of CCH and to determine the critical concentration of the thickener for
enhanced PCM properties; the results of these tests are presented in Figure 5. First, the flow
property of the PCMs, which is sensitive to the rate of change in viscosity with strain was evaluated
using a flow sweep test as illustrated in Figure 5a. The pure CCH sample shows Newtonian
behavior with a relatively constant viscosity of 0.02 Pa's across a range of shear rates. This
behavior is expected since CCH contains a significant quantity of water of crystallization and water
behaves as a Newtonian fluid. However, the introduction of CNF changes the flow properties of
the PCM from Newtonian behavior to non-Newtonian behavior. In essence, the PCM composites
containing CNF showed a shear thinning behavior in which the viscosity of the mixtures reduces
as the applied shear rate increases. The viscosity values follow the well-established power law as
shown below [45]:

n =Kyt (1)
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Figure 4. Microstructure characterization of additives and PCM composites (a) Pure CCH (b)
CNF (¢) GNP (d) CCH-SC; y(e) CCH-SCG(f) CCH-SCG,;, Visual observation of PCM
composites (g) freshly prepared sample (h)sample after 50 hours

The higher viscosity values of the PCM composites at low strain rates are attributed to the increase
in the nanofibrils entanglement, which forms a network structure resisting the shearing of the
materials. These tangled networks, however, collapsed under a higher shear force when the shear
rate was continuously increased, resulting in a greater drop in viscosity. The shear thinning effect
is further associated with the thixotropic and pseudoplastic properties of CNF [23], which
becomes more pronounced with the increase in the concentration of CNF in the suspensions. The
power law index, n <1 further confirms the shear thinning behavior of the CNF-based composites,
and the reduction in the power law index with increased concentration of CNF signifies more
deviation from the Newtonian behavior (n=1).

Storage (G') and loss modulus (G") measurements provide light on the form stability of the PCM
composites [46], which is essential since the material stability of PCMs is a key design feature
for certain thermal energy storage systems. In the amplitude sweep test shown in Figure 5b, G'
and G" reflect the solid- and liquid-like behaviors, respectively.
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Figure 5. Rheology Characterization of CCH-based PCM mixtures: (a) Flow test, (b) Amplitude
sweep test, (c) Crossover strain as a function of CNF concentration, (d) Frequency sweep test.
Closed symbols in (b) and (d) represent storage modulus, G' while open symbols represent loss
modulus, G".

The cross-over strain is defined as the strain at which the material exhibits properties more typical
of a liquid than a solid (G" > G'). As seen in the amplitude sweep test in Figure 5b. The entangled
network of CNF causes the CCH/CNF composites to behave like solids, as shown by the G’ values
being greater than the G" values for all CNF-containing samples. Due to an increase in CNF
interactions, the G’ of CCH/CNF composites increased as the CNF concentration increased. The
strength of the CNF network may be measured by the cross-over strain, which is the transition
point beyond which G" > G' (liquid-like behavior). The findings show that as the CNF
concentration increases from 0 wt% to 1 wt%, the cross-over strain increased linearly. Beyond this
point, the cross-over strain for CNF concentration of 1.5 wt% and 2 wt% did not increase beyond
31.5%, as seen in the marked area of Figure 5b and the plot in Figure 5c. This further shows that
1 wt% CNF is a critical concentration, enough to build robust entangled networks polymer-salt
system providing enhanced performance of the PCM composite.

Figure 5d demonstrates that in the frequency sweep of pure CCH and a sample with 0.5wt% CNF,
the loss modulus displays greater values than the storage modulus. This exemplifies a typical
characteristic of liquids. Also, the frequency-dependent rise in the G' and G" values of pure CCH
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and sample with 0.5 wt% CNF is consistent with liquid-like relaxation characteristics in materials
[46]. In contrast, the G' and G" values of samples with 1 wt%, 1.5 wt%, and 2 wt% CNF
concentration did not show significant variation with frequency, indicating linear viscoelasticity
in the samples. Moreover, the G' values are larger than the corresponding G" values for these mixes
within the test frequency range, indicating solid-like characteristics. This further confirms that the
formation of an adequate entangled network by CNF in the PCM matrix leads to a frequency
independent response.

3.5 Crystal Structure and Chemical Structure Characterization

The XRD diffractograms of CCH, SCH, GNP, and other PCM composites were analyzed to
generate insight into the crystalline structure stability and the interactions of hydrated salts in the
composite as shown in Figure 6a. Standard X-ray diffraction powder patterns from the National
Bureau of Standards’ Institute of Material Research were used to compare the diffraction patterns
of CCH with the reference data [47]. The XRD patterns strongly agree with the reference data with
obvious peaks at 13°, 22.7°, 26.1°, 32.1°, 34.8°, 39.8°, 41.8°, 45.8° which corresponds to (110),
(210), (111), (211), (221), (330), (321) and (002) crystal plane respectively. Also, the
diffractogram of SCH showed peak positions similar to CCH (but with lower intensity) at 13°,
22.7°,26.1°, 34.8°, and 39.8°. This indicates that SCH and CCH have a similar crystal structure.
The XRD plots and their match with relevant powder diffraction patterns are further reported in
the supplementary information section. It is important to state that nucleation is governed by the
close proximity of the crystal structure of the nucleator and hence, SCH can be safely used as
nucleation triggering agent in CCH. While SCH is soluble completely soluble in CCH at an
elevated temperature, it should be noted the temperature ranges of these experiments are in the
range of 13°C to 45.8°C that we believe will not alter the nucleating properties of SCH. However,
it should be noted that at very high temperatures and complex compositions, such as quaternary
salt systems, the effect of SCH nucleator should be closely examined [48—51]. Furthermore, the
XRD diffractogram of CNF showed a signature peak at 16.2° and 22.6°. These visible peaks are
correlated to a cellulose type I structure, and they are located on the (110) and (200) crystal planes
[52]. The (110) and (200) crystal planes also indicate the existence of both hydrophilic and
hydrophobic regions in CNF [43]. The (002) crystal plane in carbon is responsible for the signature
peak at 26.4° in GNP's diffraction pattern [53]. The diffraction pattern of the composite has the
distinctive peaks of the constituent components without the introduction of additional peaks;
therefore, this is suggestive of the physical mixing of the components without the generation of
new compounds.

To further characterize the chemical structures of the PCM mixtures, FTIR measurement of the
samples was conducted as shown in Figure 6b. For CCH, the characteristic peak at 1628 cm'! is
attributed to the O-H stretching, and the broad peak at 3354 cm! is ascribed to the hydroxyl
stretching vibrations of water [10]. SCH also shows similar signature peaks to CCH, confirming
the presence of hydroxyl functional group. For CNF, the peak at 892 cm! indicates the glycosidic
linkage in cellulose, while the signal at 1057 cm'! is caused by the C—O—C pyranose ring skeleton
[54]. The signal at 1102 cm™! is due to the presence of glucose ring in cellulose, and the signal at
1161 cm™! is due to asymmetric stretching in the C—O—C bond [55]. The maxima for CNF wagging
symmetric bending and CH, asymmetric bending are 1432 cm-! and 1322 cm’!, respectively. The
peak at 2891 cm! corresponds to the CH stretching vibration. The peaks at 1667 cm™! and 3336
cm! also indicate the stretching of water [56]. The FTIR spectra of the PCM composites show
characteristic peaks corresponding to each component, confirming the XRD results that the
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Figure 6. Crystal Structure and Chemical Structure characterization of PCM mixtures: (a) XRD
patterns of CCH-based PCM composites and their components, (b) FTIR spectra of CCH-based
PCM composites and their components

3.6 Thermal Cycling Stability Characterization of PCM Composites

A major metric to consider in the adoption of PCMs for long-term energy storage applications is
thermal reliability after repeated thermal cycles. Figure 7 shows the thermal cycling stability of
both pure CCH and the synthesized composites. Firstly, as can be shown in Figure 7a, the average
energy storage capacity (ESC) of pure CCH is calculated to be 177 Jg'! based on a preliminary
thermal cycling measurement of up to 10 cycles using DSC analysis. This agrees with the values
reported by Zhang et al.[18]. With the addition of CNF and SCH, the ESC of the resulting PCM
composite, CCH-SC o is evaluated as 181 Jg-!. The addition of GNP further increased the ESC of
the composites. For instance, CCH-SCG , showed an ESC of 185 Jg'!, and the ESC of CCH-
SCG, s estimated to be 182 Jg-!. When compared to the theoretical maximum ESC of CCH (190
Jg1), the ESC of maximum ESC of the composites, 185.35 Jg'! represents 98% of the theoretical
maximum, which is a notable increase when compared to that of CCH which reached 93% of the
theoretical maximum ESC.

To evaluate the suitability of PCMs for industry-level application, larger quantities of test samples
are required for testing in the laboratory environment. DSC test uses a smaller quantity of samples
(10-15 mg), but this does not evaluate the supercooling degree effectively [21]. Hence, T-history
measurements using a few grams of samples (15-20 g) were employed in the large-scale evaluation
of the thermal cycling stability as shown in Figure 7b. After being subjected to 40 cycles, the ESC
of pure CCH dropped from 176 Jg'! to 167 Jg'!. Also, there was a decline in the ESC of the
composite samples during the first 10 cycles; this was ascribed to the initial interaction of the base
materials, which led to effective dispersion and stability in the thermal cycling performance [57].
CCH-SC, showed a stable ESC of 178 Jg! within 70 melt-freeze cycles. Furthermore, CCH-
SCG o showed enhanced thermal performance with a stable ESC of 184.3 Jg! after 70 thermal
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cycles, which is 97% stability when compared to the fifth cycle. The entangled network of CNF
reduced incongruent melting in CCH and increased GNP dispersion inside the PCM matrix based
on hydrophobic-hydrophobic interaction, improving thermal cycle stability. However, the CCH-
SCG;, sample showed a lower ESC value of 178.4 Jg'! and 96% stability in ESC after 70 melt-
freeze cycles. This shows that increasing the dosage of GNP beyond a certain concentration limit
can lead to an increase in aggregation of the GNP in the PCM matrix which could limit the heat
transfer performance of the PCM composites.

The thermal properties of the most stable composite, CCH-SCG; ¢ has further confirmed with the
DSC characterization over 50 cycles as reported in Figure 7c. The constant ESC value (181 Jg!)
and overlapping of the DSC melting plots over 50 cycles (inset plot) proves the excellent thermal
stability of the material. Also, the T-history characterization results (Figure 7d) showed that the
melting and cooling curves of successive thermal cycles overlap well, confirming the thermal
stability of the materials. As the PCM composite was cooled to lower temperature regime, it
exhibited consistent freezing over repeated cycle with lower supercooling degree, The presence of
nucleator increased the nucleation sites thereby triggering crystallization in the PCM composite.
The consistent freezing of the PCM composite suggests the distribution of GNP by CNF material
was even and did not interfere with the crystallization of CCH. As reported in Table 3, the additives
further increased the melting point of pure CCH from 29.6 °C to 32 °C. The degree of supercooling
was lowered to ~ 3 °C due to the presence of nucleator, SCH. SCH reduced the interfacial energy
and enabled more nucleation sites in CCH, enhancing nucleation in the salt hydrate.

Table 3. Thermal properties of pure Calcium Chloride Hexahydrate and its composite PCMs

S Melting Melting Melting Melting Freezing Super-

amples .
Enthalpy temperature  Enthalpy temperature  temperature  cooling

(DSC, Jg!) (DSC, °C) (T-history, (T-history,  (T-history,  degree
Jgh °0) °0) ()
CCH 176.96 29.83 171.64 29.60 28.71 6.32
CCH-SC, 181.28 32.93 178.18 32.03 28.86 2.07
CCH-SCG;, 185.35 32.63 186.42 32.12 28.88 2.99
CCH-SCG,, 182.15 32.63 181.71 32.14 28.71 3.26
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Figure 7. Thermal cycling measurement of PCM mixtures (a) Energy storage capacity of PCM in
10 cycles using DSC; (b) Energy storage capacity of PCM in 70 cycles using T-History method;
(c) Line plot of energy storage capacity of CCH-SCG;  in 50 cycles using DSC, inset shows the
overlay of the DSC thermograms over 50 cycles to show stability,; (d) Heating and cooling (inset)
curve of CCH-SCG, ¢ in 70 cycles using T-History method.

3.7 Thermal Conductivity Characterization of PCM Composites

Figure 8 displays the thermal conductivity measurement of CCH and the respective composites at
32 °C. It was observed that pure CCH had a thermal conductivity of 0.502 W/m-K. This value is
consistent with the thermal conductivity value of 0.546 W/m-K reported by Li et al. [16]and 0.529
W/m-K by Yuan et al.[42]. The thermal conductivity was slightly improved by adding 1 wt% CNF
and 3 wt% SCH, increasing it to 0.575 W/m-K. A further increase in thermal conductivity, to 0.811
W/m-K, was seen when 1 wt% GNP was added to the composite. The thermal conductivity value
of the composite was enhanced to 0.883 W/m-K with 2 wt% GNP, which is an increase of 76%
compared to the thermal conductivity of pure CCH. This study confirms that graphitic materials,
such as GNP, improve the thermal conductivity values of CCH leading to a corresponding
improvement in charging and discharging rate of the PCMs in TES applications. GNP
nanomaterial acts as the high thermal conductivity medium for the PCM composites, and its higher
heat transfer ability is responsible for the increase in the composites’ thermal conductivity values.
Although increased heat-transfer characteristics were observed in the produced PCM composite,
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the added 2 wt% concentration of GNP may not be sufficient to deliver relatively high thermal
conductivity. In the study by Yang et al. [58], the thermal conductivity of the PCM after adding
5.3% GNP was reported to be 1.35 W/m-K. The major issues with the extra addition of GNP
include increased materials cost and higher potential for GNP aggregation that can reduce the
performance of the PCM composites. Therefore, the concentration ranges of carbon materials for
thermal conductivity enhancement should be reconsidered in designing high-performance PCM
composites [24].

1.0

Thermal Conductivity [W/(m.K)]

CCH CCH-SC,;,  CCH-SCG,, CCH-SCG,,
PCM Sample

Figure 8. Thermal conductivity of CCH and CCH-based PCM composites at 32 °C: the influence of GNP
concentrations

4 Conclusions

In this study, PCM composites with enhanced thermal characteristics for application in buildings
system were developed by combining CaCl,.6H,0O with cellulose nanofibril, which serves as a
thickening and dispersing agent; graphene nanoplatelet, used to enhance the thermal conductivity;
and SrCl,.6H,0, which is a nucleating agent for CCH. With the addition of 3 wt% of SrCl,.6H,0,
the degree of supercooling was significantly reduced to 3 °C. The utilization of 1 wt% of
environmentally friendly and thermally stable CNF in the composite exhibited an effective
mechanism in dispersing GNP throughout the PCM composites, thereby forming a compact
structure. CNF has relatively lower cost compared to other thickeners and polymers since it is an
abundant organic polymer, which helps to keep the overall cost of PCM composite lower compared
to other composites in the literature. Also, 1% concentration of CNF is needed to maintain high
latent heat capacity, as compared to other composites losing >5-10% of their capacity with the
addition of thickening agents. Structural characterization results confirm the physical mixing of
the constituent materials in the PCM composites. Using T-history measurement, the resulting PCM
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composites including GNP predispersed with CNF demonstrated high latent heat energy of 186
Jg!, melting temperature of 32 °C, supercooling of 3 °C and excellent thermal stability after 70
successive melt-freeze cycles. The produced PCM composites exhibited a maximum thermal
conductivity of 0.883 W/m-K, 76% higher than that of pure CCH. The enhancement mechanism
in these PCM composites is based on the entangled structure and amphiphilicity of CNF, which
allow it to make hydrophobic contact with GNP, resulting in a greater dispersion of GNP
throughout the composite system. Moreover, CNF is able to inhibit incongruent melting of CCH
by inducing hydrogen bonding in the system, which regulates the release of water required for
crystallization. This produces a salt hydrate PCM composite with enhanced thermal energy storage
characteristics. This study sheds light on the potential use of environmentally friendly natural
polymers like CNF in the rapidly developing area of thermal energy storage, especially in building
systems.

Nomenclature

CCH Calcium chloride hexahydrate

CNF Cellulose nanofiber

CNT Carbon nanotube

DSC Differential scanning calorimetry
EG Expanded graphite

ESC Energy storage capacity

FTIR Fourier transform infrared spectroscopy
GNP Graphene nanoplatelets

GO Graphene oxide

LHTESS latent heat thermal energy storage systems
PCM Phase change materials

SCH Strontium chloride hexahydrate
SEM Scanning electron microscopy

TES Thermal energy storage

XRD X-ray diffraction

Parameters

AH  phase change enthalpy

T melting temperature

T freezing temperature

Ty, onset of nucleation temperature
AT supercooling degree (°C)
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