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Synergistic CuO/MgO Nucleation for Low-Supercooling
Na;S0,;:10H,0 in Battery Thermal Management

Jin Guk Kim %, Youngho Kim ¢, Yeongjin Kim ¢¢, Da Seul Kim ¢, Jae-Young Choi %®*, Jeong Min Baik
4% Hak Ki Yu®b*

Sodium sulfate decahydrate (Na;SOs-10H,0, SSD) is a promising low-temperature phase change material (PCM) but suffers
from severe supercooling upon melting. To address this limitation, we developed SSD-based composites incorporating
nanostructured flower-like CuO (f-CuO) and porous MgO (p-MgO) as heterogeneous nucleation agents. f-CuO offers high
dispersibility, while p-MgO, with a specific surface area approximately 13 times greater than that of f-CuO, exhibits superior
spatial overlap with dehydrated SSD clusters. Cooling curve analysis showed that f-CuO and p-MgO individually reduced the
supercooling to 5.4°C and 2.7 °C, respectively. Notably, a hybrid 1:4 mixture (f-CuO:p-MgO) achieved the lowest
supercooling of 1.8 °C. Despite the addition of nucleation agents, the composite maintained a latent heat of 184.8J g%,
retaining 83 % of pure SSD. Furthermore, when this hybrid SSD composite was coated onto an Al alloy substrate, it delayed
the temperature rise by 3.9 °C and prolonged the time to reach the target temperature of 50 °C by approximately 5 minutes
under continuous heating, thereby demonstrating excellent thermal buffering performance. These results highlight the
effectiveness of a dual-agent nucleation strategy in minimizing supercooling without compromising heat storage capacity,
offering significant potential for passive thermal regulation in lithium-ion battery systems operating in the 30-50 °C range.

1. Introduction

Thermal energy storage (TES) has emerged as a critical technology
for improving energy efficiency and stability in systems subjected to
dynamic thermal environments. Among the various applications, TES
plays a particularly vital role in managing temperature fluctuations in
advanced electronic and energy systems.! As one of the most
prominent energy storage devices, lithium-ion batteries have seen
widespread adoption due to their high energy efficiency and zero local
emissions. However, their electrochemical performance is highly
(45-65°C),
electrolyte decomposition and interfacial reactions can reduce

temperature sensitive. At elevated temperatures

capacity retention to 50-60 % within 50 cycles.* At subzero
temperatures (~ -10°C), lithium plating and increased internal
resistance may lead to capacity losses exceeding 20 %.5 These
temperature-dependent degradations threaten battery safety, lifespan,
and reliability, underscoring the urgent need for effective thermal
regulation.® Various active and passive cooling strategies have been

proposed, but they often require external control systems or additional
energy input. As an alternative, passive TES have attracted increasing
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attention, particularly in systems subjected to dynamic thermal
environments.” Among the TES methods, including sensible heat,
thermochemical, and latent heat storage, latent heat storage is
considered the most effective due to its ability to maintain a nearly

constant operating temperature and facilitate rapid heat transfer.8-14

In this context, phase change materials (PCMs) based on solid—liquid
(S-L) transitions have been widely investigated. Inorganic salt
hydrates, particularly sodium sulfate decahydrate (Na2SOs-10H20,
SSD), have emerged as promising candidates for low-temperature
(melting point of 32.4 °C) TES systems intended for battery thermal
regulation. SSD offers a high latent heat of approximately 254 J g’!,
along with non-flammability, non-toxicity, and cost-effectiveness.!>16
In low-temperature regimes around 30 °C, SSD and other salt hydrates
Na2CO3-10H20, Zn(NO3)2-6H20, FeCls-6H20, and
CaCl2'6H20 have been studied. However, despite these advantages,

such as

SSD suffers from intrinsic limitations including severe supercooling,
phase separation after dehydration, and low thermal conductivity,
which significantly hinder its practical application in battery-
integrated TES systems.!%-2? To overcome these challenges, two main
approaches have been explored. The first is the use of thickening
agents such as carboxymethyl cellulose (CMC), sodium polyacrylate,
and polyacrylamide, which help suppress phase separation and
promote nucleation. CMC, in particular, has shown effectiveness at
concentrations of 3-5wt%.21"2# The second strategy involves the
incorporation of nucleation agents to induce heterogeneous nucleation.
Materials such as Borax, spherical MgO, Cu powder, porous Al203,
Terapod shape ZnO, SiC nanowires, CNT, AIN powder and Expanded
Graphite (EG) have been reported to reduce supercooling by lowering
nucleation barriers, increasing surface area, and improving thermal
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conductivity.'*?538 For a nucleation agent to be effective in salt
hydrate PCMs, several key factors should be considered.?? First,
favorable interfacial affinity and chemical compatibility with the
PCM are required to facilitate heterogeneous nucleation. Second, a
large specific surface area is beneficial for providing abundant
nucleation sites. Third, relatively high intrinsic thermal conductivity
can assist in improving heat transfer during the phase transition
process.

This study aims to effectively suppress the supercooling of SSD and
enhance its applicability in battery-integrated TES systems by
employing a composite nucleation strategy that combines CuO and
MgO in an optimized ratio. This hybrid approach simultaneously
improves dispersion compatibility and thermal conductivity, offering
a synergistic effect that has been rarely addressed in previous TES-
related studies. CuO and MgO were selected based on their earth
abundance, low cost, and superior thermal conductivities (3-19 W m
K1 for CuO and 48 W m'K-! for MgQO), which are significantly
higher than that of SSD (0.554 W m'K").1%3%40 CuO was synthesized
in a nanoflower structure to enhance aqueous dispersibility and
surface area. In contrast, MgO synthesized in our previous study in a
porous nanoflower form exhibited over ten times the surface area of
CuO, but showed lower dispersibility.#! Given that porous
architectures have been reported to enhance interactions with water
molecules, which may facilitate hydration-related nucleation at the
MgO/SSD interface.*?
behavior similar to SSD, suggesting compatibility in heterogeneous

Interestingly, MgO exhibited dispersion

nucleation despite its lower absolute dispersibility. Based on this, SSD
composites were fabricated using flower-like CuO (f-CuO), porous
MgO (p-MgO), and a 1:4 mixture of the two as nucleation agents,
along with CMC as a thickening agent. Cooling curve analysis
showed that supercooling was suppressed to 5.4 °C with f-Cu0O, 2.7 °C
with p-MgO, and 1.8 °C with the hybrid composition. In addition,
DSC analysis confirmed that the SSD composite (SSD-C) exhibited a
latent heat of 184.8 J g’!, corresponding to approximately 83 % of the
value measured for pure SSD (222.9 J g'!). Furthermore, application
of the SSD-C to aluminum alloy substrates demonstrated a
significantly reduced heating rate under external thermal input,
confirming its thermal buffering effect and applicability as a practical
TES material for battery thermal management.

2. Experimental
2.1 Materials

Urea7.5g Cu(NO,),"3H,03g

&

Stirring
30 min

Fig. 1 Schematic of the Synthesis method of flower-like CuO.
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Copper(Il) nitrate trihydrate (Cu(NO3)2:3H20, 99, %) Jiiga
(CO(NH2)2, 98 %), ethylene glycol (C2H602)99 %3056 et Sl faté
decahydrate (Na2SO4-10H20, 98 %), carboxymethylcellulose sodium
(CMC), magnesium chloride hexahydrate (MgClz2-6H20, 98 %),
sodium carbonate anhydrous (Na2COs, 99.5 %), and sodium
hydroxide (NaOH, 97 %) were all purchased from Daejung Chemical
& Materials Co., Ltd. (Korea). Thermal grease (MX-4 thermal
compound) was supplied by Arctic.

2.2 Synthesis of flower-like CuO

Flower-like CuO (f-CuO) was synthesized via a hydrothermal method,
as illustrated in Fig. 1. In a typical procedure, 3 g of Cu(NO3)2-:3H20
and 7.5g of urea were dissolved in a mixed solvent of 40 mL
deionized (DI) water and 10 mL ethylene glycol (EG) under stirring
for 30 min. The resulting precursor solution was transferred into a
100 mL Teflon-lined stainless steel autoclave, which was then sealed
and heated at 100 °C for 6 h in a box oven. After cooling the autoclave
rapidly under running water, the as-synthesized product was collected
by centrifugation at 8000 rpm for 10 min and washed three times with
DI water to remove residual ions. The final product was dried
overnight to obtain the f-CuO powder.

2.3 Synthesis of porous MgO

Porous MgO (p-MgO) was synthesized via a hydrothermal method.
First, 4.24 g of Na2CO3 and 0.4 g of NaOH were dissolved in 80 mL
of deionized (DI) water under stirring. Subsequently, 80 mL of 0.5 M
aqueous MgClz-6H20 solution was added, and the resulting 160 mL
mixed solution was stirred for 10 min. The final white suspension was
transferred to a 200 mL Teflon-lined stainless steel autoclave, sealed
completely, and subjected to hydrothermal treatment at 160 °C for 1 h
in a box furnace with a heating rate of 1 °C min"!. Upon completion,
the autoclave was rapidly cooled. The resulting product was washed
thoroughly with DI water and dried overnight at 80 °C to obtain the
porous MgO powder.

2.4 Synthesis of Sodium sulfate decahydrate composite

Sodium sulfate decahydrate (Na2SOs-10H20, SSD), nucleation
agents, and a thickening agent were combined to a total weight of 20 g
and sealed in a glass vial. The mixture was melted in a water bath at
60 °C for 30 min to fully dissolve the components. For all SSD-C,
carboxymethyl cellulose (CMC, 3 wt%, 0.6g) was used as the
thickening agent. For SSD-C(f-CuO), f-CuO was employed as the

Wash
three times
using DI water

In autoclave
100 °C,
6 hr

Dry overnight

ol
v
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nucleation agent at varying contents of 1-5 wt% (0.2-1.0 g). For SSD-
C(p-MgO), p-MgO was added at varying contents of 1-5 wt% (0.2-
1.0 g) under the same preparation conditions. To prepare the hybrid
SSD-C samples, the total amount of nucleation agents was fixed at 2.5
wt% (0.5 g), and f-CuO and p-MgO were added at different mass
ratios of 3:2, 2:3, 1:4, and 1:8. For the optimized SSD-C(1:4) sample,
f-CuO and p-MgO were added at 0.5 wt% (0.1 g) and 2.0 wt% (0.4
g), respectively. After the addition of the nucleation agents, each
mixture was sealed and stirred for 1 h to obtain a homogeneous SSD
composite.

2.5 Materials characterization

The crystal structure of the powder samples was analyzed by X-ray
diffraction (XRD, Rigaku Ultima III) using Cu Ka radiation
(A=0.154 nm). The morphology and exposed crystal facets of the
particles were examined using scanning electron microscopy (JEOL,

ARTICLE

JSM-6700F) and transmission electron microscopy (IEQL/CEQS,
JEM-2100F equipped with a Cs corrector)P? Niffdpeid /Afshpen
desorption isotherms were recorded on a Micromeritics ASAP 2020
Plus to determine the specific surface area, pore size distribution, and
total pore volume. The thermal energy storage performance of the
composites was evaluated using differential scanning calorimetry
(NETZSCH, DSC 200 F3 Maia).

2.6 Measurement of Supercooling Performance

The molten SSD-C, prepared by stirring in a 60 °C water bath, was
transferred into a sealed cylindrical vial to prevent water evaporation.
The vial was then placed inside a thermally insulated enclosure
maintained at 10 °C to minimize external heat exchange. A K-type
thermocouple with a resolution of 0.01 °C was inserted into the
sample to record the temperature as a function of time during the
cooling process.
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Fig. 2 (a) Schematic of Formation Mechanism of flower-like CuO via Self-Assembly and Calcination, (b) XRD pattern of f-CuO, (c) SEM image of f-CuO, (d) Nitrogen
adsorption/desorption isotherms of f-CuO, (e) XRD pattern of p-MgO, (f) SEM image of p-MgO, and (g) Nitrogen adsorption/desorption isotherms of p-MgO.
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2.7 Measurement of Thermal Buffering Performance

An aluminium-based alloy disk (diameter 50 mm, height 10 mm,
56.74 g), tightly laminated with aluminum foil, was placed on a hot
plate maintained at 60 °C. The surface temperature of the disk was
monitored using an infrared (IR) camera (FLUKE, TiS20+ MAX
THERMAL IMAGER) at 60 s intervals over the range of 30-50 °C.
The same procedure was applied to the Al-ad coated with SSD-C(1:4).
For both samples, a sufficient amount of thermal grease was applied
between the disk and the hot plate to ensure efficient thermal contact.

To minimize the effect of the low infrared emissivity of the Al-alloy
surface, a high-emissivity carbon tape was attached to the side surface
of the disk. The emissivity of the IR camera was set to 0.95 based on
the carbon tape region, and the temperature was recorded from this
calibrated region.*3

3. Results and Discussion
3.1 Mechanism of flower-like CuO

Fig. 2(a) is a schematic diagram illustrating the synthesis mechanism
of f-CuO, which proceeds via two distinct pathways. The first
pathway, corresponding to Equations (1)-(3), begins with the
formation of CuO seeds as primary clusters aggregate into nuclei.
During this step, urea decomposes in aqueous solution, releasing
NH4" and concurrently generating CO2 and OH. The CO2
subsequently reacts with water to form H2COs, which is then
converted into CO3>.* Meanwhile, ethylene glycol (EG), a polymeric
chain terminated with hydroxyl groups, coordinates with Cu?" ions,
thereby directing the anisotropic growth of CuO.** The resulting
coordination complex reacts with CO3* and OH- ions derived from
urea, forming Cu2(OH)2CO3 (Fig. S1).46 These nanoplates undergo
successive radial self-assembly around the initial nucleus, gradually
evolving into a nanoflower-like architecture (Fig. S2). Upon
calcination at 500 °C, the Cu2(OH)2CO3 nanoflowers undergo a phase
transformation to f-CuO.

5Cu(NO3)2 + 8CO(NHz)2 + 9(CH20H)2 + 22H>0 — 5Cu2* + 10NO3"

+ 26NH4HCO; (D
2Cu?* + 2NHsHCO3 — Cuz(OH)CO3 + 2NO> + 4H20 )
Cu2(OH)2CO;3 — 2Cu0 + COz + H20 3)

The second pathway, following Equations (4)—(7), involves a similar
initial nucleation step. In this case, Cu(NO3): dissociates in aqueous
solution to yield Cu?* and NO3". The OH- ions released from urea react
with Cu?* to form tetrahedral [Cu(OH)4]%, which subsequently
precipitates as Cu(OH)2. The NOs™ ions are stabilized via hydrogen
bonding with the hydroxyl groups of [Cu(OH)4]*, leading to the
formation of Cu2(OH)3NOs (Fig. S1).47#° This precursor grows into
nanoplates that radially assemble around the nucleus, resulting in a
nanoflower morphology (Fig. S2). A final calcination step at 500 °C
converts this intermediate into f-CuO.

4| J. Name., 2012, 00, 1-3

Cu(NO3)2 + CO(NH2)2 + (CH20H)2 + 2H20 — Cu?* + 2N Qg 4QH;
DOI: 10.1039/D6TA017W

Cu?* + 40H" — [Cu(OH)]> )
[Cu(OH)4]> + Cu(OH)2 + NO3s — Cua(OH)3NOs + 30H- (©6)
2Cu2(OH);NO3 — 4CuO + 2NO:2 + 02 + 3H20 (7)

These results demonstrate that the characteristic radial nanoflower
morphology of CuO originates from two distinct precursor-mediated
growth pathways, each governed by unique coordination interactions
and phase transformation mechanisms.

3.2 Characterization of Nucleation agents

Fig. 2(b) and (e) present the X-ray diffraction (XRD) patterns of f-
CuO and p-MgO, respectively. In f-CuO (Fig. 2(b)), distinct
diffraction peaks appear at 20 values of 32.4°, 35.5°, 38.7°, 46.24°,
48.7°,51.32°, 53.46°, 58.3°, 61.6°, 65.84°, 66.24°, and 68.04°, which
correspond to the monoclinic CuO phase (a =4.6883 A, b=3.4229 A,
c=5.1319 A, B = 99.506°) according to JCPDS Card No. 00-048-
1548. In Fig. 2(e), p-MgO shows sharp diffraction peaks at 36.58°,
42.66°, and 61.84°, matching JCPDS Card No. 45-0946 and
confirming a cubic rock salt MgO phase (a=b=c=42112 A, a=p
=1v = 90°). The slight peak broadening observed for p-MgO can be
attributed to nanoscale crystallite domains and local structural
heterogeneity associated with its porous architecture, rather than to
reduced crystallinity. Fig. 2(c) and (f) display secondary electron
microscopy (SEM) images of f-CuO and p-MgO, respectively. f-CuO
in Fig. 2(c) exhibits a spherical architecture composed of radially
arranged nanoplates converging toward the center, with an overall
diameter of approximately 15 um. This nanoflower morphology
offers a large surface area, and in this study, each nanoplate is
considered to act as a heterogeneous nucleation site for SSD,
promoting effective nucleation. Furthermore, the uniform and
adequately spaced nanoplate growth contributes to improved spatial
uniformity in heterogeneous nucleation. The p-MgO in Fig. 2(f)
presents a porous spherical morphology with numerous macropores,
and the particle diameter is measured to be approximately 3.55 um.

Fig. 2(d), (g) show the nitrogen adsorption—desorption isotherms and
Barrett—Joyner—Halenda (BJH) pore distribution curves of f-CuO and
p-MgO, respectively, providing quantitative analysis of the
morphological features observed in SEM. For f-CuO in Fig. 2(d), the
Brunauer-Emmett-Teller (BET) surface area is 20.1 m?/g, and the
average pore size obtained from BJH analysis is 31.8 nm, indicating a
mesoporous structure. The isotherm exhibits a clear hysteresis loop,
corresponding to a type IV isotherm with an H3 hysteresis according
to the IUPAC classification, which is typical of slit-like pores with
non-rigid, plate-like structures—consistent with the nanoplate
assembly observed in Fig. 2(c). The relatively low pore volume
further suggests the presence of wide-mouthed, shallow slit-shaped
pores, formed by tightly packed nanoplates around the center. This
morphology may facilitate heterogeneous nucleation of SSD by
providing accessible surface area and sufficient spatial volume for
initial nucleus formation and stabilization. In Fig. 2(g), p-MgO
demonstrates a BET surface area of 265.1 m%g—approximately 13
times higher than that of f-CuO and an average pore diameter of

This journal is © The Royal Society of Chemistry 20xx
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11.7 nm, also within the mesoporous range. It likewise exhibits a type
IV isotherm with H3 hysteresis, consistent with the slit-like pores
formed between the “petals” observed in Fig. 2(f). Comprehensive
analysis of the BJH data indicates that p-MgO possesses a pore
morphology characterized by narrow entrances and wider internal
cavities, forming an intricate porous network. This structure
contributes to enhanced surface area and mass transport, which can be
advantageous for promoting diffusion and providing additional
nucleation sites for SSD.

3.3 Supercooling Performance of SSD composite

Initially, f-CuO was introduced as the nucleation agent, and the
degree of supercooling suppression was evaluated under varying
concentrations to determine the optimal content. Subsequently, f-CuO
was replaced with p-MgO under the same conditions to compare their
relative nucleation performances. Finally, an SSD-C containing a
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mixture of f~CuO and p-MgO was fabricated to ipygstigate, the
synergistic effect on supercooling suppressioh ¥ia0Ed01 g 0Eniv
analysis.

Fig. 3(a) shows the cooling curves of SSD-C with f-CuO (SSD-C(f-
CuO)) added at various weight percentages (0—5 wt%), and Fig. 3(b)
summarizes the corresponding supercooling degrees. In the case of
pure SSD, the phase transition began at 16.3 °C. As the temperature
reached 20.3°C, partial latent heat release was observed,
accompanied by a temperature decrease. This indicates that nucleation
occurred far below the theoretical phase change temperature of SSD
(32.4°C), and the full phase transition did not proceed. This
phenomenon is attributed to ineffective homogeneous nucleation,
despite partial phase separation being suppressed by the presence of
CMC. When f-CuO was added in the range of 1-5 wt% (Fig. S3), the
phase change onset temperature increased gradually up to 2.5 wt%,
indicating enhanced heterogeneous nucleation and suppressed
supercooling. However, beyond this point, particularly at 5 wt%, the

18

15.1°C

0 1.0 25 5.0
wt% of f-CuO in SSD

ARy 14.4°C

0 1.0 25 5.0
wt% of p-MgO in SSD

Nucleation agent (2.5 wt%
15.1C

54-C

f-CuO &
p-MgO(1:4)

0-Bure SSD

f-CuO

p-MgOo

Fig. 3 Cooling curve data. (a) Cooling curve for different f-CuO wt% (b) Supercooling degree at different f-CuO wt%, (c) Cooling curve for different p-MgO wt%, (d) Supercooling
degree at different p-MgO wt%, (e) Cooling curves for different nucleation agent (2.5 wt%), and (f) Supercooling degree at different nucleation agents (2.5 wt%).
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degree of supercooling increased again. As shown in the quantitative
data in Fig. 3(b), the minimum supercooling (5.4 °C) occurred at
2.5 wt% f-CuO, whereas the value increased to 11.9 °C at 5 wt%. This
suggests that while f~CuO acts as an effective nucleation agent,
excessive loading (5 wt%) induces particle agglomeration and
subsequent sedimentation, which severely disrupts dispersion
homogeneity. Such sedimentation lowers the availability of active
nucleation sites within the bulk, ultimately hindering heterogeneous
nucleation. These findings confirm that 2.5 wt% f-CuO represents the
optimal concentration to promote efficient nucleation and suppress
supercooling in SSD-C.

Similarly, Fig. 3(c) shows the cooling curves of SSD-C with p-
MgO added at various weight percentages (0-5 wt%), and Fig. 3(d)
summarizes the corresponding supercooling degrees. When p-MgO
was added in the range of 1-5 wt%, the phase change onset
temperature increased gradually, indicating enhanced heterogeneous
nucleation and suppressed supercooling. As shown in the quantitative
data in Fig. 3(d), the minimum supercooling degree of 2.7 °C was
obtained at 2.5 wt% p-MgO, where the phase transition initiated at
29.0 °C and reached a maximum temperature of 31.4 °C during the
phase change. However, further increasing the p-MgO content to 5 wt%
increased the supercooling degree and induced partial phase
separation, likely because excessive p-MgO loading caused particle
aggregation and sedimentation. Notably, the minimum supercooling
degree achieved with 2.5 wt% p-MgO was markedly lower than that
obtained with 2.5 wt% f-CuO, indicating the higher nucleation
efficiency of p-MgO under the same loading condition.

Finally, the effect of the relative composition of f-CuO and p-MgO
was further examined under a fixed total nucleation-agent loading of
2.5 wt%. When f-CuO and p-MgO were combined at mass ratios of
3:2 and 2:3, SSD-C exhibited partial phase transitions, with the phase
transition terminating at 20.3 °C and 20.7 °C, respectively, as shown
in Fig. S4. In contrast, SSD-C(1:4) showed a complete phase
transition and the lowest supercooling degree of 1.8 °C, as confirmed
by the comparative cooling curves and quantitative supercooling
values in Fig. 3(e) and (f). However, further increasing the p-MgO
fraction to 1:8 increased the supercooling degree to 9.7 °C, as also
shown in Fig. S4. These results indicate that optimized supercooling
suppression is achieved not by simply increasing the p-MgO fraction,
but by balancing the relative contributions of f~-CuO and p-MgO in the
hybrid nucleation system. The error bars in Fig. 3(f) represent the
standard deviation obtained repeated
measurements, and the corresponding values are summarized in Table
S1.

from cooling-curve

Moreover, after reaching the peak temperature of 31.4 °C, the
cooling rate of SSD-C(1:4) was faster than that of SSD-C with p-MgO
alone, but slower than that of SSD-C with f-CuO alone. This behavior
reflects differences in thermal conductivity across the SSD matrix. In
the case of SSD-C(f-CuO), f-CuO is uniformly dispersed throughout
the material, which enhances bulk thermal conductivity and results in
a more rapid temperature decrease following phase change.
Conversely, in SSD-C(p-MgO), p-MgO particles exhibit less uniform
dispersion, leading to lower overall thermal conductivity. Although
phase change initiates earlier in SSD-C(p-MgO) than in SSD-C(f-
CuO), the transition proceeds more slowly, and the subsequent
cooling rate is also reduced.

6 | J. Name., 2012, 00, 1-3

In the SSD-C(1:4) system, the two nucleating agents; exhibit
improved overall dispersion. The fine-scale [I8pt2sio GO FACAG S
complemented by the moderate aggregation behavior of p-MgO,
resulting in enhanced spatial overlap between SSD clusters and
nucleation sites. As a result, heterogeneous nucleation is more readily
triggered, and the thermal conductivity surpasses that of SSD-C(p-
MgO), leading to a comparable holding time at peak temperature but
a noticeably faster cooling rate. These combined effects suggest that
SSD-C(1:4) exhibits superior heat release characteristics and may
serve as a more effective thermal energy storage medium for low-
temperature battery thermal management systems (LT-BTMS) in
lithium-ion batteries.

3.4 Mechanism of SSD-C nucleation

The supercooling phenomenon of SSD arises from the insufficient
free energy driving force for homogeneous nucleation at the melting
point, which leads to a large AG"™ and significantly reduces the
nucleation rate. According to classical nucleation theory, the
nucleation rate is governed by Equation (8), where the dominant term
is exp(-AG*/ksT) indicating that the magnitude of AG* has a critical
influence on nucleation behavior. Reducing AG* is therefore a key
strategy to accelerate nucleation, and the nucleation agent employed
in this study effectively lowers AG* under heterogeneous nucleation
conditions.

I’t = N,exp (ﬂ) “k*(n*) -z (8)
kgT

(I’ : Steady-state nucleation rate, AG*: The critical work for

heterogeneous nucleation, N,: Number of heterogeneous nucleation

site, k¥ (n*): Attachment rates, z: Zeldovich factor, kg: Boltzmann

constant)

AGhet — {V “Ag+S- aaB} - f(0) = AGhomo - £(0) 9)

(V: Volume of nucleus, S: Surface of nucleus, f(0): catalytic factor,
AGM: Work for heterogeneous nucleation, AG"™™°: Work for
homogeneous nucleation)

2-3cos0+cos30
4

f(6) =

(@: Contact angle) (10)

In heterogeneous nucleation, AG* is expressed as AGho™
multiplied by the catalytic factor f(0), which is defined in Equation
(9). This factor f(0) depends on the wetting angle 6 and generally lies
within the range 0 < f(0) < 1. As 0 decreases, f(0) also decreases,
resulting in a reduced AG* and thereby facilitating nucleation. In the
present system, SSD forms nuclei in the form of spherical caps on an
H20 layer adsorbed to the surface of the solid nucleation agent. This
configuration establishes a defined wetting angle and satisfies the
condition AGhetero < AGhome 50

Transmission electron microscopy (TEM) analysis (Fig. 4(a)—(c))
revealed that f-CuO adopts a nanoplate architecture with predominant
exposure of the (110) facet. This surface is terminated with O? ions,
forming an O-terminated structure characterized by high surface
energy and a strongly negative charge. 32 When exposed to water,
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H20 molecules dissociate into H" and OH- species. The H* ions are
chemisorbed onto surface O sites, while OH" species coordinate with
surface Cu?' ions, forming Cu—OH bonds. These surface hydroxyl
groups attract Na* ions from the solution, and subsequently, SO4*
anions are electrostatically adsorbed onto the positively polarized
regions of the Cu—OH sites. This sequential adsorption process
facilitates the formation of primary Na2SOa4 nuclei. The ion-mediated
nucleation pathway on the O-terminated CuO (110) surface is
summarized in Fig. 4(i)-(1). Upon interaction with surrounding water

(a)

(d)

rials Chemistry A

ARTICLE

molecules, these primary nuclei evolve into Na2SOapnH20. hydrate
seeds, which serve as templates for further nicheaticid vd gromutts af
SSD clusters. In addition, the adsorbed hydroxyl layer on f-CuO
induces a secondary H>O layer via hydrogen bonding, which acts as a
hydrophilic interface for additional Na2SOs4 cluster attachment and
SSD nucleation. These two pathways collectively reduce the solid—
liquid interfacial energy and establish a favorable contact angle (0),
thereby significantly decreasing the nucleation barrier (AG*).
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Fig. 4 (a) Low resolution of TEM image of f-CuO, (b) High magnification TEM image of the red-boxed area in (a), (c) Fourier-filtered image of single f-CuO inset: corresponding Fourier-
transformed diffraction pattern, (d) low resolution of TEM image of p-MgO, (e) High magnification TEM image of the red-boxed area in (d), (f) Fourier-filtered image of single p-MgO
Inset: corresponding Fourier-transformed diffraction pattern, (g) Zeta potential analysis of f-CuO in water, (h) Zeta potential analysis of p-MgO in water and (i) Comparison of ion
based and crystal/molecular-based heterogeneous nucleation mechanism on CuO (110) and MgO (100).
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Furthermore, zeta potential measurements (Fig. 4 (g)) show that f-
CuO possesses a strongly negative surface charge of -27.6 mV,
consistent with the O-terminated (110) surface observed in Fig. 4(c).
Despite this stable dispersion (Fig. S6(a)), the strong negative charge
may induce electrostatic repulsion with negatively charged Na>SO4
clusters, especially those stabilized by CMC. Although this repulsion
may not directly alter the contact angle, it could hinder the approach
and adsorption stability of SSD clusters on the f-CuO surface, thereby
potentially limiting nucleation efficiency.

According to TEM analysis (Fig. 4(d)-(f)), p-MgO exhibits a stable
rock salt structure with terrace planes grown along the (200) facet and
an almost neutral surface charge. Although this facet has inherently
low surface energy, the polarization of surrounding H>O molecules in
aqueous solution induces dissociation into H* and OH. OH- is
chemisorbed onto Mg?* sites, while H* is chemisorbed onto O%,
forming surface Mg—OH and OH- groups. These surface species
facilitate the formation of a stable hydration layer through hydrogen
bonding. > In addition, p-MgO may undergo partial surface hydration
under the mildly alkaline SSD environment, forming hydroxylated
Mg-containing surface species rather than undergoing complete
transformation into Mg(OH)2.>* This possible surface hydration can
further stabilize interfacial water molecules and supports the
hydration-assisted heterogeneous nucleation pathway proposed in this
study.

Zeta potential measurements (Fig. 4(h)) show that p-MgO exhibits
a very low surface potential of -0.424 mV, indicating poor dispersion
behavior (Fig. S6(b)), which originates from the weak negative
surface charge associated with the surface OH" layer. While the SSD
nucleation mechanism on p-MgO resembles that of f-CuO, the
absence of strong surface charge limits nucleation via electrostatic
adsorption of ionic species such as Na* and SO4%". Instead, nucleation
proceeds predominantly through physisorption of Na>SO4 clusters
onto the hydrogen-bonded H2O layer. This crystal and molecular-
based nucleation pathway on the MgO (100) surface is schematically
illustrated in Fig. 4(i)-(2). The hydration layer provides a sufficiently
stable and energetically favorable interface for nucleation. These
surface characteristics directly influence the structure and stability of
the hydration layer, which governs the interfacial energy between the
SSD nucleus and the substrate. As a result, both f-CuO and p-MgO
effectively lower AG*, promote SSD nucleation, and suppress
supercooling.

In addition to AG* reduction, increases in the number density of
critical nuclei (No) and the attachment rate (k*(n")) also enhance the
overall nucleation rate 3°. These parameters correspond to the pre-
exponential factor in Equation (8), and when AG* is fixed, they
determine the frequency and speed of actual nucleation events. In this
study, we identified that an increased specific surface area of the
nucleation agent, as well as dispersion consistency with Na2SO4
clusters formed after SSD dehydration, are key factors contributing to
the enhancement of both N, and k*. First, the specific surface area of
the nucleation agent, which provides available nucleation sites, is a
key factor that can increase both N, and £". As shown in Fig. 2(f) and
2(g), p-MgO possesses a specific surface area approximately 13 times
greater than that of f-CuO, thereby offering a significantly larger
number of nucleation sites. As a result, both N, and k* are expected to

8 | J. Name., 2012, 00, 1-3

be higher for p-MgO, making it a more effective nuglgation agent.
Second, when the degree of dispersion betwden!the. iurdativi0agetit
and precursor clusters is similar, both phases are spatially distributed
within overlapping regions of the solution, which maximizes the
likelihood of their mutual contact. As this spatial overlap increases,
the actual frequency of nucleation events also increases, leading to a
higher N,. Furthermore, k", defined as the probability of a precursor
successfully reaching and attaching to a nucleus surface, is also
enhanced. Thus, dispersion compatibility plays a critical role in
determining the nucleation rate.

The zeta potential measurements further support the dispersion
contrast between the two nucleation agents. f-CuO exhibits a strongly
negative surface potential of -27.6 mV, indicating stable dispersion,
whereas p-MgO shows a near-neutral value of —0.424 mV and tends
to aggregate more readily. The Na2SOus clusters display similarly poor
dispersibility (Fig. S6(d)), to the extent that their zeta potential could
not be reliably measured. In contrast, the combined system exhibited
an intermediate zeta potential of -5.42 mV (Fig. S6(e)), indicating
partial electrostatic stabilization by f-CuO. These results suggest that
the combined system retains partial aggregation while gaining limited
electrostatic stabilization, supporting the proposed coexistence of
relatively dispersed f-CuO-rich regions and p-MgO-associated
clustered regions.

Fig. 5(a) presents a conceptual schematic and corresponding cluster
population profile illustrating the height-dependent dispersion
behavior of f~CuO and p-MgO at a 1:4 ratio in molten SSD. Based on
the zeta potential results discussed earlier, p-MgO exhibits limited
dispersion stability and tends to accumulate in the lower region of the
vial. This region corresponds to the cluster-dominant zone, where
poorly dispersed Na>SOs clusters are primarily located. Within this
zone, p-MgO functions as the principal nucleation agent, facilitating
nucleation and subsequent crystal growth.

In contrast, f~CuO maintains uniform dispersion throughout the
molten phase. While it can serve as a supplementary nucleation site
within the cluster-dominant region, its contribution becomes more
significant in the upper ion-accessible region, where the density of
pre-formed Na>SOy4 clusters is relatively low and free Na* and SO42-
species remain available for nucleation. In this region, f-CuO
enhances nucleation probability through an ion-based mechanism by
promoting ionic adsorption and interfacial enrichment of Na* and
SO4> near the surface. This surface-induced ionic accumulation
increases the effective local driving force for nucleation without
altering the bulk composition of the molten SSD.

As a result, the heterogeneous dispersion characteristics enable
spatially differentiated nucleation pathways. p-MgO provides a high
local nucleation probability within the cluster-dominant region owing
to its large specific surface area and dispersion behavior comparable
to that of NaxSOs clusters, whereas f-CuO extends nucleation
opportunities in the ion-accessible region via its ion-mediated
mechanism. The complementary interaction between these two
nucleation agents ultimately leads to more effective nucleation when
applied than when either age
nt is used independently.

simultaneously
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Fig. 5(b) and (c) show SEM images and elemental mapping of SSD
nucleated and grown on f-CuO and p-MgO, respectively. In Fig. 5(b),
SSD crystals filled the gaps between the nanoplates of spherical CuO
nanoflowers, as confirmed in more detail in Fig. S5. Elemental
mapping shows Cu confined to the spherical region, while Na, S, and
O are distributed over a wider area. The overlay image confirms that

Journal of-Materials/Chemistry A

the nanoplates of f-CuO provided heterogeneous nugleation sites,
contributing to a large effective surface area. IndHig 03(£)9 SSIDAGriGRaAK
covered the surface of spherical p-MgO. Elemental mapping shows
Mg localized within the spherical region, whereas Na, S, and O are
more broadly distributed. The overlay image demonstrates that the
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Fig. 5 (a) Schematic illustration and corresponding height-dependent cluster profile of f-CuO and p-MgO (1:4) distribution in molten SSD, (b) SEM image of SSD grown on CuO, Cu,
0, Na, S elemental mapping images, and overlay of all elemental mapping images. (c) SEM image of SSD grown on MgO, Mg, O, Na, S elemental mapping images, and overlay of all

elemental mapping images.
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porous structure and large surface area of p-MgO effectively
promoted heterogeneous nucleation of SSD.

3.5 Heat storage performance

Fig. 6 shows the results of evaluating the heat storage performance
by applying f-CuO, p-MgO, and their mixture as nucleation agents.
The corresponding latent heat enthalpy (AH) values are summarized
in Table 1. The phase change onset temperature of pure SSD was
34°C, and AH was 222.9] g, indicating the highest heat storage
capacity among the tested conditions.

For the f-CuO series, AH gradually decreased with an increasing
addition ratio, as shown in Fig. S7 and Table S2. This trend is
interpreted as the result of heterogeneous nucleation being promoted
and supercooling being effectively suppressed; however, the f~-CuO
may also act as an impurity, inducing a metastable state and thereby
reducing the total latent heat. When f-CuO was used as the nucleation
agent, the SSD-C condition with 2.5 wt% addition showed the most
effective supercooling control. Its phase change onset temperature
was 33.3 °C, and the latent heat (AH) was 175.6 J g*!, which is about
79 % of that of pure SSD.

In contrast, when 2.5 wt% p-MgO was applied at the same
concentration, SSD-C exhibited a phase change onset temperature of
33.9°C and a AH of 206.5] g, indicating superior heat storage
performance compared to 2.5 wt% f-CuO. The p-MgO results in Fig.

S7 and Table S2 further support that this condition maintained a high
latent heat with stable crystallization behavior. This improvement is
believed to result from the enhanced stability of recombination
between Na2SO4 and H20 molecules, leading to the formation of

Journal Name

NazSO4'nH20 with a higher hydration number (n). Additignally, the
high specific surface area of p-MgO likely facilitated fistigThondiag

with H20 molecules.
Table 1 Comparison of Latent Heat for Different Nucleation Agents.

Sample Latent heat (AH) [Jg']

Pure SSD 2229
SSD + £-Cu0 2.5 wt% -175.6
SSD + p-MgO 2.5 wt% -206.5
SSD + f-CuO & p-MgO(1:4) 2.5 wt% -184.8

In the case of SSD-C prepared by mixing f-CuO and p-MgO at a
1:4 ratio, the phase change onset temperature was 33.8 °C and AH was
184.8J g1, achieving 83 % of the heat storage density compared to
pure SSD. This condition exhibited better heat storage performance
than f-CuO alone but was still lower than that of p-MgO alone. These
results suggest that, under mixed conditions, p-MgO served as the
primary nucleation agent, while f-CuO played a secondary role by
offering widespread nucleation sites. In particular, the reduced total
amount of p-MgO compared to its single use appears to be the main
reason for the decrease in AH in the mixed condition.

00E

~ —8— Pure SSD

DSC/(mW/mg)

—1—£-Cu0 2.5 wt%
| —®—p-MgO 2.5 wt%
—O0—f-CuO & p-MgO(1:4) 2.5 wt%

20

30

40 50

Temperature (C)

Fig. 6 DSC curves of pure SSD and SSD composites containing f-CuO (2.5 wt%), p-MgO (2.5 wt%), and a hybrid formulation (f-CuO & p-MgO(1:4) 2.5 wt%).
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To further clarify the significance of the heat storage performance,
the supercooling degree and latent heat of the present SSD-C(1:4)
system were compared with previously reported SSD-based
composites, as summarized in Table S3. Several reported SSD-based
systems employ borax as a primary nucleation agent. Secondary
additives such as graphite, graphene nanoplatelets, or Al/C
nanoparticles are often introduced to improve heat transfer or
structural stability within the PCM matrix. In contrast, the present f-
CuO/p-MgO system uses nucleation agents with relatively high
intrinsic thermal conductivities. Therefore, these agents can
contribute to both heterogeneous nucleation and thermal transport
without requiring additional thermally conductive fillers. Despite
achieving a very low supercooling degree of 1.8 °C, SSD-C(1:4)
retained a latent heat of 184.8 J g-!. This value is comparable to or
higher than those of several previously reported SSD-based systems.
These results indicate that the dual-agent nucleation strategy
effectively balances supercooling suppression and latent heat
retention.

ARTICLE

3.6 Temperature Rise Buffering Effect of SSD-C

View Article Online

The coating configuration of SSD-C(1:4) a%%i:ié '%Oét%/%ﬁ%‘i’lgﬁ%*;?
disk (Al-ad, 19.6 cm?) is schematically illustrated in Fig. 7(a). An 8 g
layer of SSD-C(1:4) was coated on the Al-ad surface to evaluate its
thermal buffering performance. The temperature increase behavior of
the coated and uncoated specimens was measured using an IR camera
to simulate the thermal control application potential of aluminum in
lithium-ion battery (LIB) packaging materials. The temperature
change was observed until the specimen surface reached
approximately 50 °C while the hot plate was maintained at 60 °C. Fig.
7(b) shows the surface temperature change of pure Al-ad without
SSD-C, and Fig. 7(c) shows the temperature distribution of Al-ad
coated with SSD-C(1:4). Pure Al-ad started at approximately 30 °C
and reached 49.9 °C after 960 sec, whereas the specimen coated with
SSD-C(1:4) rose to 46.0 °C under the same conditions, showing a
temperature that was approximately 3.9 °C lower and a relatively
slower temperature increase rate.

(a)
Coating on SSD-C (1:4)
Pure Al alloy disk SSD-C coated Al-ad
(Al-ad)
(b)
0 sec 240 sec 480 sec 960 sec
50 °C
(c)
30 °C
(d) (e)
50— Pure Alad —{— Pure Al-ad
|— SSD-C coated Al-ad 0.040 —8— SSD-C coated Al-ad
5 0.035
5 2
- © 0.030 -
o L
;—E - ‘;; 0.025 -
£ £ 0.020
2 3
T 0.015
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Fig. 7 (a) Schematic of SSD-C (1:4) coating on Al-ad, (b) Infrared image of Pure Al alloy, (c) Infrared image of SSD-C(1:4) coated Al-ad, (d) Time-dependent temperature of Al-ad with
and without SSD-C coating and (e) Time-dependent heating rate of Al-ad with and without SSD-C coating.
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To better understand this difference, the temperature change over
time was analyzed to evaluate the thermal behavior of the samples, as
shown in Fig. 7(d). Error bars were added to Fig. 7(d) based on
repeated measurements, and the corresponding temperature standard
deviation values are summarized in Tables S4 and S5. In the case of
pure Al-ad, a steep temperature increase occurs at the beginning,
followed by a gradual saturation curve as it approaches the
temperature of the hot plate. This indicates a characteristic of gradual
saturation without any inflection point. Fig. 7(e) is a graph showing
the heating rate (°C sec™"), obtained by differentiating the temperature
data of Fig. 7(d) with respect to time. Pure Al-ad exhibits an overall
decreasing trend, forming a monotonically decreasing curve without
any extreme value. On the other hand, for the Al-ad coated with SSD-
C, a clear inflection point appears around 480 s and 720 s in both Fig.
7(d) and (e), and in particular, an extreme value appears at these points
in the heating rate graph. In the initial 0-200 sec section, the heating
rate of the SSD-C(1:4) coated Al-ad was 0.0204 °C sec’!, which is
only about 53 % of the 0.0379 °C sec’! observed for pure Al-ad. This
is interpreted as a result of delayed temperature rise due to latent heat
absorption around 32 °C, the melting point of SSD-C(1:4). In addition,
in the 400—720 sec section, the heating rate reached its lowest point at
480 sec, at which the phase change of SSD-C(1:4) was completed, and
then temporarily increased before decreasing again. This suggests that,
after the latent heat absorption had ended, the heat storage effect of
SSD-C(1:4) disappeared, and the specimen gradually moved toward
thermal equilibrium as it approached the temperature of the hot plate.

As a result, it was confirmed that the SSD-C(1:4) coating
effectively reduced the heating rate of Al-ad, thereby delaying the
temperature rise within the optimal operating temperature range of
LIBs, which lies between 30 and 40 °C. Specifically, the 8 g coating
applied to the 19.63 cm? Al-ad delayed the temperature rise by 300 sec,
corresponding to 15.3 sec cm of Al-ad and 37.5 sec per gram of
SSD-C. This suggests that SSD-C-based coating materials can be
effectively applied to LIB thermal management.

Conclusions

In this study, we proposed a composite nucleation agent to
effectively suppress the intrinsic supercooling of Na2SO4-10H20
(SSD), a hydrate-based phase change material, while
maintaining its thermal storage performance. Flower-like CuO
nanostructures (f-CuO) and porous MgO (p-MgO) were
synthesized and applied to SSD individually or in a 1:4 mixed
ratio to systematically evaluate nucleation efficiency and thermal
properties. Cooling curve analysis revealed that 2.5 wt% f-CuO
resulted in a supercooling degree of 5.4 °C, while p-MgO at the
same concentration reduced it to 2.7 °C. Notably, the {-CuO &
p-MgO(1:4) composite achieved the most effective supercooling
suppression of 1.8 °C. This enhancement is attributed to the
similarity in dispersion behavior between p-MgO and the SSD
dehydration products, its large specific surface area (265.1 m? g
), and the uniform distribution of f-CuO, which facilitates
spatially uniform nucleation throughout the matrix. DSC
analysis confirmed that the optimized SSD composite (SSD-C)
maintained approximately 83 % of the latent heat capacity of

12 | J. Name., 2012, 00, 1-3

pure SSD (184.8J g'), demonstrating reliable thermal energy
storage. Furthermore, thermal bufferingOlperfostianteoixsas
validated by coating SSD-C(1:4) on an aluminum alloy disk.
Within the critical temperature range of 30—50 °C, SSD-C(1:4)
delayed the peak surface temperature rise by approximately
3.9°C and exhibited a pronounced delay in the 35-40°C
interval. These results demonstrate that the SSD-C can
simultaneously achieve low-temperature phase change storage
and thermal regulation, making it a promising candidate for
passive thermal energy storage (TES) systems in lithium-ion
batteries. The findings suggest that composite nucleation
strategies can contribute to improving the thermal stability of
practical energy storage systems and provide a platform for
future high-performance TES material development.
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