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ABSTRACT

Phase change emulsions are promising thermal fluids, but have been frustrated by high degrees
of supercooling. The existing methods for supercooling reduction involve the addition of
various nucleating agents (NAs) but achieve limited success due to a lack of commonality and
negative impact on emulsion stability. This study explored a strategy by integrating interface-
induced and NA-induced nucleation. A diblock copolymer was positioned at the interface, and
anew NA, polyethylene, was efficiently embedded into the droplets assisted by ultrasonication
to minimize supercooling and extend stability. Firstly, hexadecane emulsion was chosen for
assessment of the chemical compositions and ultrasonication conditions. A higher ultrasound
intensity facilitated the polyethylene embedment, providing sufficient nucleation sites within
the droplets with a low mass content (1%). The functionality of polyethylene was found to be
size-dependent, resulting in a single melting/freezing peak and a low supercooling degree (47)
of'3.7 °C for hexadecane droplets of 256.3 nm average diameter. Subsequently, the effectiveness
of polyethylene was evaluated on other seven paraffin emulsions with higher melting points
(Tm), achieving minimal supercooling (47 = 0.2-2.6 °C). Furthermore, dynamic stability was
evaluated by applying an emulsion template (7:» = 54 °C) to a rig for long period and repeated
thermal cycles (6 months and 9000 cycles). The average diameter increased marginally from
374.1 to 393.4 nm, while the 4T remained stable at 2.5 °C, and the latent heat slightly decreased.
No obvious sign of emulsion breakdown was observed during an additional six-month storage
period. An effective strategy has been developed for formulating a range of novel phase change
emulsions with extended service life and minimal supercooling which are desirable for thermal

energy storage applications.

Keywords: Phase change emulsion; supercooling elimination; ultrasonication; thermal cycles;

dynamic stability.

Nomenclature
AH latent heat, J/g
T temperature, °C
AT supercooling degree, °C
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Subscripts

f freezing

m melting

o onset

p peak

Abbreviations

Cilé6 hexadecane

Cc24 tetracosane

c28 octacosane

32 dotriacontane

DLS dynamic light scattering

DSC differential scanning calorimetry
NA nucleating agent

PCE phase change emulsion

PCM phase change material

PCS phase change slurry

PDI polydispersity index

PE polyethylene

PE-b-PEG polyethylene-block-poly(ethylene glycol)
PIT phase inversion point

Sal52 Sasolwax 5203

SEM scanning electron microscopy
TES thermal energy storage

1. Introduction

Phase change materials (PCMs) are the essential media for thermal energy storage (TES)
techniques to store latent heat across low [1], intermediate [2], and high temperature ranges [3],
which can be applied in thermal management and various energy conversion systems such as
solar-thermal and solar-thermal-electric units [4]. Considerable research effort has been made
to developing composite PCMs because of their unique characteristics. Among one the most
preferable PCM composites are PCM capsules which are fabricated by coating PCM with a
continuous shell material, thereby forming individual PCM capsules at the nanoscale [5] and
microscale [6]. This technique may prevent leakage and corrosion during PCM melting,
enhance heat transfer by increasing the specific surface area, and also impart special properties
through the capsule shell, such as high photothermal conversion efficiency [7]. PCM capsules

can also be dispersed in a carrier fluid to form phase change slurries (PCSs) [8], which absorb
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more thermal energy of latent heat within the phase transition temperature range than the
conventional heat transfer fluids. As a result, PCSs have found versatile applications in
geothermal energy [9], solar energy harvesting [10], and thermal management for Li-ion
batteries [11], photovoltaic cells [12], fuel cells [13], and light-emitting diodes [14].

However, the technique for fabrication of PCM capsules is rather intricate and time-
consuming, involving multiple steps including emulsion template formation, polymerization,
washing, and drying [15-17]. Another major drawback is the high degree of supercooling,
preventing the PCM core from solidifying at the desired cooling temperature for latent heat
storage. Increasing the capsule size can partially alleviate supercooling [18] but greatly reduce
the heat transfer area and mechanical stability. Although ingenious approaches have been
attempted to manipulate the morphology and roughness of capsule shell to induce PCM
nucleation [19], the most common and feasible strategy for reducing supercooling of PCM
capsules is the embedding of nucleating agents (NAs) within the PCM core. Qiu et al. [20]
introduced graphene quantum dots and nano-Al2O3 into paraffin capsules, where the former
completely eliminated supercooling but the latter had no effect. Alternatively, organic NAs such
as hexadecanol [21] have been explored but not effectively minimize supercooling.

Phase change emulsions (PCEs), which were initially prepared as the emulsion template
for PCM capsules, have emerged as a promising alternative to PCSs [22], owning to a much
simpler fabrication process and a versatile role in thermal management for photovoltaic cells
[23] and Li-ion batteries [24]. To compensate for their thermodynamically unstable nature,
PCEs are prepared in smaller droplet size than PCSs to prolong the duration before
destabilization occurs. Various techniques, including high-energy devices such as high-pressure
homogenizers [25] and ultrasonicators [26] and low-energy methods such as D-phase [27] and
phase inversion temperature (PIT) [28], have enabled the production of PCE droplets at the
nanoscale. However, supercooling is often more pronounced in PCEs than PCSs [29]. In
essence, PCEs retain their excellent stability at the expense of high supercooling.

Considering the influence of emulsifiers present at the interface between droplets and

water on supercooling, researchers have explored the use of emulsifiers such as diblock
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copolymers [28], polyvinyl alcohols [30], and high-melting fats [31] to modulate nucleation.
As the use of these unconventional emulsifiers alone has been found insufficient, the addition
of NAs is still the primary approach for supercooling suppression in PCEs. Multi-walled carbon
nanotubes were found effective to reduce supercooling in a hexadecane emulsion [32] but not
on octadecane emulsions [26]. Barison et al. [33] studied the impact of graphene oxide on the
thermal properties of two paraffin emulsions, showing significance only for one of them. High-
melting paraffins [28, 34] used as NAs also encountered the challenges in effectively minimize
supercooling entailing the need for novel NAs and innovative strategies that can be applied to
various PCEs. Moreover, the degree of supercooling in PCEs could be aggravated by circulation
through pipes during repeated heating-cooling cycles. For instance a previous study [35] found
that the supercooling degree of a PCE was increased from 2.8 °C initially to over 10 °C after
70 days of operation, resulting in lower energy storage capacity. Another study [36] also
observed that PCEs with significant supercooling exhibited poorer thermal management
performance for photovoltaic modules compared to water. Therefore, it is crucial to maintain
both high emulsion stability and low supercooling over long-term operation for the practical
application of PCEs.

To overcome the technical barrier to achieving both a high emulsion stability and a low
supercooling of PCEs, this work was to investigate a novel strategy by combining
synergistically interface-induced and NA-induced heterogeneous nucleation. Specifically, a
diblock copolymer, polyethylene-block-poly(ethylene glycol) and polyethylene were chosen
based on previous studies [28, 37] and used for nucleation at the interface and in the core of
PCEs, respectively. Ultrasonication was applied to facilitate the embedding of polyethylene
within small PCE droplets. The ultrasonication conditions and chemical compositions were
assessed for a hexadecane emulsion and then applied for several other paraffin emulsions with
higher melting points (7) up to 70 °C. A representative paraffin emulsion with a 7\ of about
54 °C was pumped through a testing rig for six months, underdoing a total of 9000 thermal
cycles, followed by storage for an additional six months. The potential of the proposed strategy

was demonstrated for practical applications in formulating high-performance PCEs covering a
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T range from 20 to 70 °C.

2. Materials and methods
2.1 Materials

N-alkanes, including hexadecane (C16, purity: 98.0%), tetracosane (C24, purity: 99.0%),
octacosane (C28, purity: 98.0%), and dotriacontane (C32, purity: 96.0%), were procured from
Tokyo Chemical Industry. Commercial PCMs (OP28E, OP44E and OP65E) were sourced from
Hangzhou Ruhr Tech Co., Ltd. Paraffin Sasolwax 5203, denoted as Sal52, was provided by
Sasol Wax GmbH. Nonionic surfactants, Brij L4 and Cremophor® A25, were acquired from
Sigma-Aldrich. A diblock copolymer, polyethylene-block-poly(ethylene glycol) (PE-b-PEQG)
with a number average molecular weight of about 2250, and polyethylene (PE) with a number
average molecular weight of around 1700, were also obtained from Sigma-Aldrich. All

chemicals were used without further treatment.

2.2 Preparation of PCEs

A binary surfactant system composed of Brij L4 to Cremophor® A25 in a mass ratio of 7:3
[37] was employed to stabilize a two-phase colloidal system. The fabrication process of 20%
PCEs is briefly outlined in Fig. 1. Initially, 4 g of PCM was mixed with Brij L4 and any required
additives, followed by stirring at 400 rpm and 90 °C to achieve a homogeneous oil phase. Next,
Cremophor® A25 was dissolved in distilled water at 300 rpm and 80 °C, and the heated aqueous
phase was introduced to the oil phase at a rate of 10 mL/min. The resulting emulsion with a
mass of 20 g was subsequently cooled to room temperature and transferred to a 50 mL beaker
for further emulsification using a sonicator (VCX 750, Sonics & Materials) fitted with a 13 mm
probe having a constant frequency of 20 kHz and a maximum power of 750 W. The ultrasound
pulse ON/OFF cycle was set to 30/30 s, and the beaker was cooled in an ice-water bath during

the ultrasonication process.
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Fig. 1 Schematic of 20% PCEs preparation with melting point (7») ranging from 20 to 70 °C.

Notably, with a high surfactant content, a phase inversion occurred as the emulsion was
cooled, transitioning from water-in-oil (W/O) to oil-in-water (O/W). This phenomenon was in
accordance with the procedures of the PIT method [37]. In this stage, it was difficult for PE to
be entrapped into the droplets due to the low energy input during emulsification, resulting in a
visible layer of unencapsulated NA floating on the surface of the PCEs. Subsequent high-energy
ultrasound would enhance the efficient embedding of PE into the droplets through the transient
cavitation effect, leading to the disappearance of the macroscopic PE layer. However, the
droplet size would increase to some extent because ultrasonic emulsification is less effective
than the PIT method in reducing droplet size when the surfactant content is high. The nucleation
of PCM could be induced at the interface and in the droplets by PE. If the surfactant
concentration decreased, the PIT method would be ineffective during cooling. In such cases,
ultrasonication would be responsible for droplet size reduction and PE entrapment.

The influence of ultrasound amplitude, treatment duration, and chemical composition on
the supercooling of PCEs was thoroughly examined using the C16 emulsion, as summarized in
Table 1. The optimal chemical compositions and formulation conditions determined for the

C16 emulsion were subsequently applied to a range of paraffin emulsions with higher melting
7
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points to assess the effectiveness of this proposed strategy for suppressing supercooling in PCEs.
Furthermore, a commercial paraffin Sal52 with a relatively high melting point (7. = 53.4 °C)
was chosen as an example in the following evaluation, as it is cost-effective and a high heating
temperature for PCE melting can accelerate the emulsion breakdown compared to low-melting
PCEs. Approximately 1 L Sal52 emulsion was produced and tested in a rig for six months, to
monitor variations in supercooling degree, droplet size, and latent heat. An additional six
months of storage at room temperature was performed to observe any destabilization

phenomenon, thereby evaluating the service life of the developed PCE.

Table 1 Essential experimental variables for suppressing supercooling in 20% PCEs (All %

values in weight% for emulsion composition).

PCM Surfactant content PE-b-PEG PE Amplitude  Time
Cl6 10% None or 2%  None or 1% 75% 5 min
Cl6 10% 2% 1% 75-100% 1-5 min
Clé6 10% 2% 0.5-2% 100% 5 min
Cl6 2-10% 2% 1% 100% 5-15 min
Cl6 2% 2% 1-3% 100% 10 min
Varies 2% 2% 1% 100% 10 min

2.3 Characterization of PCEs

The Z-average droplet diameter and polydispersity index (PDI) of PCEs were measured
using dynamic light scattering (DLS) with a Malvern Zetasizer Nano ZS. For measurements,
each PCE was diluted 200-fold, and triplicate measurements of 15 runs were conducted at 25 °C.
Morphology of PCEs was observed using scanning electron microscopy (SEM) with a
TESCAN MIRA instrument. To prepare samples for SEM analysis, PCEs were diluted 1000-
fold in distilled water, and a small sample drop was spread onto a silicon substrate surface and
dried at room temperature. The apparent viscosity of PCEs at a shear rate of around 6 s™! was
measured three times using a rotational viscometer (Brookfield, DV3T) at room temperature
around 22 °C. The thermal properties of PCEs were determined using a differential scanning

calorimeter (Mettler Toledo, DSC3) at a scanning rate of 5 °C/min in a nitrogen atmosphere.
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The supercooling degree (47) was calculated by determining the difference between the onset
melting (7m,0) and freezing points (7%.), which were independent of the scanning rate [38]. The
peak points of melting (7mp) and freezing (77p) were employed to indicate the melting and

freezing peaks.

3. Results and discussion

3.1 Characterization of C16 emulsion
3.1.1 Effects of chemical compositions and ultrasonic conditions on supercooling

A 20% C16 emulsion stabilized by 10% surfactants (referred to the bare emulsion) was
subjected to ultrasound at 75% amplitude for 5 minutes. Subsequently, PE-b-PEG and PE were
added either individually or in combination. The freezing and melting behaviors of the resulting
emulsions were analyzed using DSC, with the observed curves shown in Fig. 2a-b. The bare
emulsion displayed a high degree of supercooling (47 = 9 °C) and a single freezing peak at a
freezing point (77p) of 3 °C. The single freezing peak with a much lower 7y was primarily
attributed to the homogeneous nucleation of confined C16 within the droplets [39], which was
consistent with previous studies with no nucleating agents [27, 28, 40]. Adding 2% PE-b-PEG
somewhat facilitated C16 nucleation, potentially via an interface-induced heterogeneous
nucleation [28], resulting in a new freezing peak with a 77, of 10 °C and a slight shift of the
main freezing peak. However, the latent heat proportion was minimal, and increasing PE-b-
PEG concentrations did not raise its proportion but significantly increased emulsion viscosity.
Incorporating 1% PE produced a comparable peak with a slightly higher 7y, and latent heat
proportion. The initial freezing peak (77, = 3 °C) split into two peaks upon adding PE, with the
new peak at a Typ of 6.5 °C became the primary freezing peak when combining PE-»-PEG and
PE, involving interface-induced and NA-induced nucleation. The presence of multiple freezing
peaks could be attributed to the uneven distribution of PE within the C16 droplets, and further

optimization of the preparation conditions is needed to improve the entrapment of PE.
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Fig. 2 DSC curves of 20% C16 emulsion with 10% surfactants: (a-b) freezing and melting
process upon adding PE-b-PEG and/or PE, combined with ultrasound at 75% amplitude for 5
min; (c-e) ultrasound at 75-100% amplitude for 1-5 min, accompanied by the addition of 2%

PE-6-PEG and 1% PE.

The ultrasonic conditions were then adjusted to optimize the DSC freezing curves in the
presence of PE-b-PEG and PE, and the corresponding DSC curves are depicted in Fig. 2c-e. It
was observed that at 75% amplitude, extending the ultrasound treatment duration led to a slight
reduction in the third freezing peak. This reduction was further intensified at 90% amplitude,
and the third freezing peak disappeared entirely at 100% amplitude for 5 minutes, suggesting
that higher energy input effectively trapped PE within C16 droplets. Importantly, the presence
of a single freezing peak (the 1%) was considered ideal, as it indicated complete elimination of
supercooling. Therefore, adjusting the concentration of PE may achieve this goal, causing the
2" freezing peak to vanish.

3.1.2 Effect of PE concentration on supercooling

The influence of PE concentration (0.5-2%) on the properties of a 20% C16 emulsion with
10
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2% PE-b-PEG and 10% surfactants was examined. Firstly, the changes in the phase change
point of bulk C16 with the addition of different PE masses are summarized in Table 2, and the
corresponding DSC curves can be found in Fig. S1 (Supplementary data). Adding PE to bulk
C16 at a 2.0/20 mass ratio resulted in a decrease of about 1 °C in both melting and freezing

points, while 47 remained constant at a low value of 1.6 °C.

Table 2 Impact of PE on melting and freezing points of bulk C16.

PE/C16 mass ratio Tmo (°C) Tmp (°C) Tro (°C) Typ (°C) AT (°C)
0 17.5 19.9 15.9 15.9 1.6
0.5/20 17.3 19.5 15.7 15.5 1.6
1.0/20 17.1 18.7 15.7 15.6 1.4
1.5/20 16.9 18.5 15.3 15.2 1.6
2.0/20 16.6 18.5 14.9 14.9 1.7

Fig. 3 demonstrates the impact of PE concentration on the properties of C16 emulsion
under fixed ultrasonic conditions of 100% amplitude and 5 minutes. It was found that the
concentration-dependent effect of PE on the DSC freezing/melting curve change was minimal.
Specifically, 1% PE may provide sufficient sites for heterogeneous nucleation, and C16
crystallization process would still be dominated by the small droplet volume. In other words,
intentionally increasing droplet size could potentially shift the primary freezing peak, but
caution must be exercised to prevent emulsion instability. Furthermore, the addition of PE
exhibited limited negative effects on the apparent viscosity and droplet size of the C16 emulsion.
The apparent viscosity of the C16 emulsion increased from 67.7 mPa-s to 73.9 mPa-s with the
addition of 1% PE, as illustrated in Fig. 3b. It then rose by about 50% when the PE content was
increased to 2%. A monomodal droplet size distribution was observed for any PE concentration
(Fig. 3¢), with negligible changes in the distribution upper/lower limits. As a result, the average
diameter and PDI were marginally increased to 107.7 nm and 0.20, respectively, with 2% PE,
compared to 96.4 nm and 0.18 without PE (Fig. 3d). These results suggest that the addition of
a small amount of PE to the C16 emulsion had minimal side effects on the apparent viscosity

and droplet size, and 1% PE was recommended.

11
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Fig. 3 Influence of PE concentration on properties of 20% C16 emulsion (10% surfactants)
treated by ultrasound at 100% amplitude for 5 min: (a) DSC curves; (b) apparent viscosity; (c)
droplet size distribution; (d) average diameter and PDI.
3.1.3 Effect of surfactant concentration on supercooling

To assess the influence of average diameter on supercooling suppression in 20% C16
emulsion, adjusting the surfactant concentration is the simplest and most efficient method to
achieve various droplet sizes. Therefore, surfactant concentration was minimized to 2%, and
different treatment periods with ultrasound at 100% amplitude were performed to ensure
adequate emulsification. The resulting droplet size distribution characteristics and DSC curves
are presented in Fig. S2 (Supplementary data), which demonstrated that a longer treatment time
of 10 minutes was preferable for surfactant concentrations between 2-4%, while 5 minutes
remained suitable for intermediate surfactant concentrations.

Fig. 4a gives the droplet size distribution of 20% C16 emulsion with surfactant
concentrations ranging from 2% to 10%. A monomodal distribution gradually shifted towards
larger sizes but became sharper until the surfactant concentration decreased to 4%. At 2%
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surfactants, the upper distribution limit abruptly exceeded 1000 nm, yielding a flat curve, which
suggests that this concentration may be close to the minimum threshold needed to achieve a
narrowly distributed C16 emulsion via ultrasonication. Fig. 4b presents the variations in
average diameter and PDI as a function of surfactant concentration. It is evident that PDI
continuously dropped from 0.18 to 0.15 and then increased to 0.25 at 2% surfactants. A
relatively linear relationship was also obtained between average diameter and surfactant
concentration. With an average diameter in the range of 96.4-256.3 nm, size-dependent freezing
and melting behaviors can be well explored.

Fig. 4c-d depict the DSC freezing and melting curves of 20% C16 emulsion with various
droplet sizes, using 2% PE-b-PEG and 1% PE, with detailed data provided in Table 3. It was
discovered that the major freezing peak shifted with increasing droplet diameter, leading to the
growth of the targeted peak (77, = 10 °C) and the diminishment of the undesired peak (77, = 6-
7 °C). When the droplet size reached 256.3 nm, the DSC freezing curve nearly achieved the
proposed ideal shape, validating the hypothesis that PE could promote C16 nucleation more
effectively in larger droplets. Under these conditions, complete supercooling elimination was
expected; however, AT only decreased to 3.7 °C (Table 3) due to size-dependent melting
behaviors, which will be discussed later. Overall, in comparison to several previous studies of
PCEs [27, 40, 41], where droplet size was large but supercooling remained unresolved with a
high value (47 > 10 °C), the smaller diameter, lower 47, and well-controlled phase transition
curves (almost single freezing and melting peaks) of the 20% C16 emulsion indicated novelty.

During the melting process, the main melting peak also experienced an evident shift with
increasing average diameter, as reported in a previous study [35]. Specifically, the first melting
peak (Tmp=14.1 °C) was the largest for C16 droplets with a size of 96.4 nm, which disappeared
as the droplet size increased to 256.3 nm, and the third melting peak (7, = 18.0 °C) emerged
and became the primary peak (Fig. 4d). Assuming an infinite droplet size for bulk C16, T\p
was further raised to 19.9 °C. In practice, size-dependent melting behavior for PCMs confined
in nanoporous solids has been previously reviewed [42], and melting point depression showed

a linear dependence on the reverse pore diameter of mesoporous substrates (2-50 nm) [43, 44],

13
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Fig. 4 Effects of surfactant concentration on properties of 20% C16 emulsion by adding 2%
PE-b-PEG and 1% PE: (a) droplet size distribution; (b) average diameter and PDI; (c-d) DSC

freezing and melting curves.

In this study, C16 spherical droplets can be considered as PCM in soft nanoconfinement
by surfactant micelles, which could be helpful for understanding size-dependent melting point
depression. Moreover, latent heat of C16 emulsion decreased in response to droplet size
reduction. For instance, melting latent heat (4Hn) ranged from 44.3 J/g at 256.3 nm to 36.9 J/g
at 96.4 nm, which could be interpreted similarly to the melting point. In short, attaining superior
thermal properties and a long lifespan is the ultimate goal for the development of high-
performance PCEs. The experimental results strongly suggest that size-dependent effects on the
properties of PCEs must be thoroughly investigated, and equations for illustrating their
relationships can be developed in future work to establish an interconnection of thermal
properties and lifespan as a whole for PCEs. Effort was made to use more PE mass in the 20%

C16 emulsion with 2% surfactants. It confirmed non concentration-dependent effect of PE on
14
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the nucleation promotion of C16 droplets (Fig. S3a), and a mild diameter increment to 293.5
nm by adding 3% PE (Fig. S3b) also supported the opinion of a minor adverse effect of PE on

the stability of the C16 emulsion.

Table 3 Effects of surfactant concentration on thermal properties of 20% C16 emulsion with

the addition of 2% PE-b-PEG and 1% PE.

Surfactant  Two (°C)  Twp(°C)  AHw(V/g) T (°C)  Tip(°C)  AHf(Jlg) AT (°C)

1°t 14.1 1°:10.3

10wt%  11.6 ond. a3 369 8.4 i 7y 368 3.2
15t 13.8 1% 10.3

8 W% 13.6 2 154 392 12.2 .75 382 1.4
31 17.2 Y
1% 13.8 1*%: 10.5

6 wt% 15.9 20 15.6  40.5 12.3 2nd: 8.2 394 3.6
31:17.2 31: 6.6
1°: 14.1 1% 10.2

4 wt% 16.0 2m:16.1 404 12.5 2nd: 7.8 38.1 3.5
31: 17.7 3rd: 6.2

st. st.
2 wt% 16.2 ;m;:lfg'.lo 44.3 12.5 émi:l;?'f 41.2 3.7

3.1.4 Assessment of long-term static stability

To evaluate static stability, the optimal C16 emulsion was stored in a glass bottle at room
temperature for an extended period. After capturing a photo, the glass bottle gently rotated
upside down a few times before taking the sample for characterization. As illustrated in Fig.
Sa, the average diameter increased from 256.3 nm to 322.1 nm over three months, and no
emulsion breakdown observed, as shown in the sample picture inserted in Fig. Sb. The DSC
curves also indicated that the thermal properties of the optimal emulsion remained unchanged
after long-term storage. Moreover, the freezing curve became narrower with the minor freezing
peak at a lower temperature vanishing. The size increase may further intensity the role of PE in
promoting C16 nucleation in larger droplets. However, the melting point remained unaffected,
resulting in an unaltered A7. It can be hypothesized that the size-dependent effect on melting
point depression might be negligible once the droplet size exceeds a certain threshold.

For comparison, the C16 emulsion with droplets at a diameter of 96.4 nm was

characterized. The size increase to 119.8 nm caused variations in both melting and freezing
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curves. The Tmp rose from 14.1 °C to 15.9 °C (Fig. 5c¢), supporting the assumption regarding a
size threshold for melting point variation. In summary, additional experiments should be
conducted on the same and different emulsions to clarify this. Furthermore, AT was larger over
the three-month storage for the emulsion with a smaller size. With stability ensured, it is
recommended that the droplet size be as large as possible to achieve high latent heat and less-

varied phase change points.
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Fig. 5 Characteristics of 20% C16 emulsions with 2% or 10% surfactants during 90 days of

static storage at room temperature: (a) average diameter; (b-c) DSC curves.

3.2 Supercooling suppression to other PCEs

The optimal chemical composition of 2% surfactants, 2% PE-b-PEG, and 1% PE, and
ultrasonic treatment at 100% amplitude for 10 minutes, were attained based on a systematic
evaluation of their effects on supercooling of C16 emulsion. These variables were applied to
other PCEs with higher melting points, and the function of PE was clarified in OP28E emulsion.
The emulsion with a larger diameter of 270.2 nm (Fig. 6a) exhibited a single main freezing
peak with 7yp and AHn at 23.1 °C and 39.8 J/g, respectively. A decrease in droplet diameter to
160 nm resulted in the freezing process being governed by two separate peaks (Fig. 6b). As a
consequence, Tro for the large freezing peak (4Hy = 23.5 J/g) was only 15.7 °C, and AT was
calculated to be 6.4 °C, higher than the value (2.3 °C) for the emulsion with a larger size.
Moreover, the decrease in droplet diameter led to depressions in latent heat (from 38.9 to 35.1
J/g) and melting point (from 27.3 to 25.7 °C), consistent with the trends observed in C16

emulsion.
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338  Fig. 6 DSC curves of 20% OP28E emulsion with surfactant concentration at (a) 2% or (b) 8%.

339 Fig. 7 displays the DSC curves of bulk PCMs and 20% PCEs, and Table 4 summarizes
340  the thermal property data. Comparing the DSC curves of the initial template of C16 and C16
341  emulsion (Fig. 7a) revealed that both melting and freezing peaks shifted after emulsification.
342 Aspreviously discussed, efforts were made to retain the desirable freezing peak, but Ty, of 10.4 °C
343  was still lower than the bulk value of 15.9 °C. Therefore, 4T increased from 1.6 °C (bulk C16)
344  to 3.7 °C (C16 emulsion). To the best of our knowledge, this could be the lowest 4T reported
345 in C16 emulsions with the nanoscale droplets. PE was then verified for reducing or even
346  eliminating supercooling in other seven PCEs, as shown in Fig. 7b-h. The shift of melting and
347  freezing peaks to a lower temperature range was also observed when other PCMs were
348  emulsified into numerous small droplets in water. The selected PCMs exhibit the advantages of
349  paraftins, such as a wide range of T (20-70 °C), high latent heat (up to ~270 J/g), and low
350  supercooling (usually 47 < 1.5 °C), as shown in Table 4.

351 Rotator phases existed in bulk paraffins, including OP44E (Fig. 7¢), C24 (Fig. 7d), C28
352  (Fig. 7f) and C32 (Fig. 7h), with two freezing peaks representing the transition from the liquid
353  phase to the rotator phase (liquid-solid) and the solid-solid transition (rotator phase to crystal
354  phase). More details about rotator phases of paraffins in bulk and in confinement can be found
355 elsewhere [46]. For PCMs with rotator phases, the emulsion counterparts exhibited a
356  significantly improved latent heat proportion for the peak of liquid-solid transition, and
357  supercooling in these four PCEs was essentially addressed. In other paraffins (OP28E, Sal52

358 and OP65E), the corresponding PCEs displayed a single freezing curve with AT at around 2.5 °C.
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Based on these experimental results, it can be concluded that PE can eliminate or significantly
reduce supercooling in paraffin emulsions with a broad melting point range. This achievement
represents a significant breakthrough against the persistent and troublesome issue of

supercooling in PCEs.
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Fig. 7 DSC curves of various PCMs and corresponding 20% PCEs: (a) C16; (b) OP28E; (c)
OP44E; (d) C24; (e) Sal52; (f) C28; (g) OP65E; (h) C32.

The confinement of PCM droplets by surfactant micelles can result in lower latent heat
compared to the theoretical values of bulk PCMs, as supported by the major PCMs listed in
Table 4. Interestingly, two high-melting alkanes exhibited an inverse trend with higher latent
heat, i.e., ~57 J/g versus ~52 J/g (20% bulk C28), and ~60 J/g versus ~51 J/g (20% bulk C32).
Multiple assumptions, such as the interaction between PE and high-melting alkanes and the

variation of rotator phases in bulk and in confinement, should be further investigated.

Table 4 Thermal properties of PCMs and the related PCEs.

PCM  Status Two (°C) Twp(°C) AHw(J/g) Tro(°C) Tpp(°C)  AH;(J/g) AT (°C)

ClL6 bulk 17.5 19.9 225.2 15.9 15.9 226.6 1.6
emul. 16.2 18.0 443 12.5 10.4 41.2 3.7
bulk  26.1 29.5 231.9 26.5 25.2 233.4 0.4
OP28E
emul. 254 27.3 38.9 23.1 21.9 39.8 23
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For the preliminary evaluation of service life, one-month storage at room temperature was
conducted. Fig. 8a-g shows the DSC curves of 20% PCEs before and after the static evaluation
in a glass bottle, where both melting and freezing curves highly overlapped, except for the
emulsions of OP28E and C32 with a minor shift to about 0.5 °C higher. As seen in Fig. 8h, the
average diameter of PCEs upon preparation generally increased with the 7, rise of PCMs, and
the largest diameter was reached 468.2 nm for the OP65E emulsion. Over the 30-day storage,
the diameter increment was only 10-20 nm, indicating good static stability. Therefore, it is worth
conducing an evaluation of long-term dynamic stability of PCEs, and Sal52 emulsion was
selected as the representative for two reasons. Firstly, Sal52 was the most economical option,
and low cost is crucial of large-scale applications. Secondly, the relatively high working
temperature over 7m,p of the Sal52 emulsion can profoundly accelerate the emulsion breakdown.
If the Sal52 emulsion can survive under the simulated conditions, it would be reasonable to
expect that other PCEs with a lower 7n can also have a long service life. Furthermore, PCEs
with a Tmp less than 50 °C are the most common option in research, and the acquired lifespan
in the present study should be meaningful and feasible for potential applications of PCEs, such

as in thermal management systems.
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Fig. 8 Stability of 20% PCEs at 25 °C over 30 days: (a-g) DSC curves; (h) average diameter.

3.3 Assessment of long-term dynamic stability

The dynamic stability of the 20% Sal52 emulsion was evaluated using a custom-built lab-
scale test rig (Fig. 9a), which included three tanks for heating, cooling, and storage, two copper
coils (10 mm outer diameter and 4.5 m total length) submerged in hot (65 °C) and cold (22 °C)
water baths for heat exchange, and an electromagnetic diaphragm metering pump for circulating
the emulsion through rubber pipes with a 10 mm inner diameter. The volume of the cold water
bath was 6.5 L, with fresh tap water overflowing to maintain a constant temperature. By
adjusting the temperature of the electro-thermostatic water bath, filling it with 10 L of water,
and controlling the flow rate through the metering pump, the emulsion could circulate and

undergo complete melting and freezing processes. The Sal52 emulsion production was limited
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to 200 g per batch due to the limitation of probe-type sonicator in laboratory. Five batches were
prepared, yielding a total emulsion volume of approximately 1 L for rig operation. As
demonstrated in the Supplementary data, subjecting a 10-fold larger emulsion mass to
ultrasonication did not lead to any alteration in thermal properties (Fig. S4a). Moreover, the
average diameter of the droplets only exhibited a slight increase from 363.3 nm to 374.1 nm,
while maintaining an overlapped monoidal droplet size distribution, as presented in Fig. S4b.
The Sal52 emulsion was pumped at flow rate of 6 L/h for 10 hours daily, totaling 250 hours per
month. During a 10-h operation, the emulsion temperatures exiting the heating tank (77) and
within the storage tank (72) were measured using two thermocouples and recorded by a data
logger (Fig. 9b). The minor temperature fluctuations (77 = 60 °C; 72 = 26.5 °C) suggested that
the Sal52 emulsion could fully melt and solidify when pumped through the heating and cooling
tanks. The emulsion was operated for six months, undergoing a total of 9000 thermal cycles.
This marks the first time PCEs have been evaluated with such a long duration and a high number

of thermal cycles.
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Fig. 9 the test rig for dynamic stability evaluation of Sal52 emulsion: (a) schematic diagram;

(b) temperature variation.

Fig. 10 illustrates the properties of the 20% Sal52 emulsion after a six-month dynamic
stability assessment. As depicted in Fig. 10a, the average diameter was determined for every
300 thermal cycles, revealing a periodic fluctuation with a small difference (~55 nm) between
the largest and smallest diameter. Ultimately, the diameter slightly increased from 374.1 nm to

393.4 nm after 9000 thermal cycles. Conversely, the droplet size distribution became trimodal
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and wider (Fig. 10b), and the PDI was notably increased from 0.13 to 0.41. Coalescence was
likely the primary mechanism for emulsion destabilization associated with the change in droplet
size distribution. A similar trend was also documented in reference [47], where PCEs underwent
100 thermal cycles in a cylindrical cup while being subjected to a constant shear rate of 100 s°!
to simulate emulsion flow in pipes.

After the test, approximately 0.85 L of Sal52 emulsion was retrieved from the rig, and the
inset image in Fig. 10b confirmed that no emulsion breakdown was observed over 9000 thermal
cycles in six months. Furthermore, an additional six months of storage was carried out, showing
in Fig. S5, from which no obvious breakdown was observed. The morphologies of the Sal52
emulsion before and after thermal cycling are shown in Fig. 10c-d, which generally agree with
the DLS measurements. Initially, the emulsion displayed a uniform distribution with small
particle sizes. Collisions between droplets during the heating process or particles during the
cooling process resulted in the formation of larger and smaller droplets, respectively, as
evidenced by the trimodal droplet distribution and increased PDI. Fig. 10e-f present the DSC
freezing and melting curves, which reveal no obvious shift in phase transition peaks for the
Sal52 emulsion after 9000 thermal cycles. This further supports the innovation of the developed
PCEs. Specifically, the latent heat was slightly reduced to around 29 J/g after thermal cycling,
as illustrated in Fig. 10g, and both melting and freezing points decreased by around 1 °C (Fig.
10h), resulting in a nearly constant supercooling degree. The minimal supercooling and
extended service life make the PCEs a promising coolant for use in thermal management and
TES systems. Moreover, by incorporating additional functional additives such as two-
dimension transition metal carbide/nitride (MXene) materials [48] into the PCEs, a high

photothermal conversion efficiency can be achieved for broader applications.
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4. Conclusions

The present study developed an effective strategy for overcoming the high supercooling
problem in phase change emulsions (PCEs) of small particle or droplet size. The essential idea
was to induce simultaneous nucleation in the core of PCEs with a low molecular weight
polyethylene (PE) and at the PCE-water interface with a diblock copolymer. The chemical
compositions and the effects of ultrasonication were optimized to minimize the supercooling.
High-power ultrasound was a crucial factor for the effectiveness of PE in nucleation within the
PCEs of small droplet size. A larger droplet (e.g. 256.3 nm) could achieve near-singular melting
and freezing peaks with a low supercooling degree (3.7 °C). The developed strategy was proven
effective for a wide range of paraffin emulsions, achieving minimal supercooling degrees. The
optimized PCE formulation has been scaled up and applied to a rig successful for a long period
of operation through many thermal cycles. Therefore, the new strategy may be feasible and
applicable for development of high-performance PCEs with a broad melting point range,
minimal supercooling degree, and long-service life for large-scale applications. However,
further research is needed to investigate the decreases in latent heat and melting point as the

droplet size decreases.
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Appendix A. Supplementary data
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Fig. S1 DSC freezing (a) and melting (b) curves of bulk C16 by adding PE with its mass ratio
to bulk C16 at (0.5-2.0)/20.
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Fig. S2 Effects of ultrasound time (100% amplitude) on properties of 20% C16 emulsion by

varying surfactant concentration in 2-8%: (a-d) droplet size distribution; (e-h) DSC curves.
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642  Fig. S3 Effects of PE concentration on properties of 20% C16 emulsion (2% surfactants) treated

643 by ultrasound at 100% amplitude for 10 min: (a) DSC curves; (b) average diameter.
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645  Fig. S4 Comparisons between 20% Sal52 emulsions produced in small and large volumes: (a)

646  DSC curves; (b) droplet size distribution.
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648  Fig. S5 Photographs of 20% Sal52 emulsion after 9000 thermal cycles followed by storage over

649  six months at room temperature.
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