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Grid-scale long-duration energy storage (LDES) is essential for decarbonizing energy systems, including
power and industrial heat systems. As an economically viable LDES technology, the development of an
electrical thermal energy storage (ETES) system—comprising electrothermal conversion, thermal energy
storage, and optional heat engines—is progressing. A key challenge in realizing ETES is the
electrothermal conversion process at the several-hundred-MW scale. This study proposes a novel heat
storage heater (HSH) that combines electrothermal conversion and thermal storage functions using
phase change materials (PCMs). The HSH that achieves high-temperature TES using an alloy-based PCM
is a novel material that has not been reported previously. The HSH design allows for GWh-scale heat
storage at high density as a several-hundred-MW class electrothermal converter, using
a microencapsulated PCM (MEPCM) with a ZnO coating and a Zn-30 mass% Al (Zn—-30Al) core. The
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in the MEPCM. Upon energization, the temperature exceeded the alloy's storage temperature, and

DOI: 10.1039/d5ta016659 a temperature plateau was observed at 470 °C due to the alloy's melting temperature (438-512 °C). This
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Introduction

The importance of grid-scale energy storage is growing to
address the variability and intermittency of large-scale variable
renewable energy (VRE) sources, such as solar and wind energy.*
According to IEA reports, the electricity sector's solar and wind
power generation capacity is projected to increase from 134 GW
and 114 GW in 2020 to 630 GW and 350 GW by 2050.> Corre-
spondingly, the installed capacity of energy storage is expected
to reach 400 times its current level by 2050.° In this context,
various energy storage technologies, including lithium-ion
batteries (LIB), redox flow batteries, thermal energy storage
(TES), hydrogen storage, pumped hydro storage, and
compressed air energy storage, are under development.™*
Similar to the optimal mix of power generation methods, an
optimal combination of energy storage technologies is essen-
tial, as each technology offers specific durations and output
ranges suitable for different applications.

Thermal energy storage (TES) is a promising solution as
a type of long-duration energy storage (LDES). According to an
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study paves the way for designing innovative electrothermal conversion systems, such as ETES systems.

annual report by the LDES Council, TES is a cost-competitive
option for durations greater than 6-8 hours compared to LIB
and for durations shorter than 150 hours compared to hydrogen
storage.® In addition, TES offers a key advantage over other
LDES options, such as pumped hydro and compressed air
energy storage, by having no siting constraints.®

Systems incorporating TES, such as power-to-heat-to-
power—commonly referred to as “Carnot batteries”—show
significant potential for stabilizing and storing energy from
variable renewable sources.® Carnot batteries store heat gener-
ated from electricity derived from VRE and convert the heat
back into electricity on demand using heat engines.” This
system offers unique features that are challenging to achieve
with other energy storage technologies: rotation inertia, low
construction costs, and integration with other heat
applications.*™® In recent years, efforts have also focused on
converting coal-fired power generation for alternative uses and
integrating it with energy management systems, including
district heating supply.****

Electrothermal energy storage (ETES), featuring an electric
heater for electrothermal conversion, represents the simplest
and most typical system configuration of Carnot batteries. From
fundamental research studies™'2® to demonstration
projects,”*® the development of ETES systems is gaining
momentum. However, a key barrier to the widespread adoption
of ETES lies in the electrothermal conversion process. One big
challenge is constructing electric heaters at the several-

J. Mater. Chem. A, 2025, 13, 26521-26533 | 26521


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ta01665g&domain=pdf&date_stamp=2025-08-08
http://orcid.org/0000-0002-7404-6461
http://orcid.org/0000-0001-6765-2300
http://orcid.org/0000-0002-6911-436X
http://orcid.org/0000-0003-3165-1386
https://doi.org/10.1039/d5ta01665g
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta01665g
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA013032

Open Access Article. Published on 21 July 2025. Downloaded on 4/2/2026 9:13:30 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

hundred-MW scale. The conventional “numbering-up”
approach of connecting multiple hundred kW-class electric
heaters in parallel is anticipated to be prohibitively expensive
for achieving economically viable LDES. Additionally, larger-
output capacity electric heaters, which can convert surplus
low-cost electricity into thermal energy are more advantageous
for ETES. These systems also provide greater flexibility to
accommodate the variability of VREs. However, this comes with
a trade-off: reduced capacity factors for the electric heaters.>

To address these challenges, we propose a novel heat storage
heater (HSH) utilizing phase change materials (PCMs) with
integrated hybrid electrothermal conversion and storage capa-
bilities. The HSH concept enables the use of large volumes of
thermal storage material for GWh-scale heat storage while
functioning as a several-hundred-MW class electrothermal
converter. Furthermore, latent heat storage (LHS), utilizing
PCMs offers a higher heat storage density than sensible heat
storage as a mature TES technology, enabling more compact
designs.” However, materials used as electric heaters in HSHs
must exhibit chemical stability when in contact with molten
PCMs at elevated temperatures.

Although the term “HSH” has not been extensively used in
prior studies, composite materials incorporating PCMs and
electric heaters have been reported. The initial study by Chen
et al. described the preparation of a composite material
comprising paraffin PCM (melting temperature: 24 °C)
embedded in a porous carbon nanotube sponge, designed to
directly and effectively store heat from the sunlight and voltage
from LIBs.** Based on this report, subsequent research has
focused on preparation methods for porous carbon-based
electric heaters and selecting suitable organic PCMs, for appli-
cations such as direct solar energy storage as electricity or light,
or electronic and wearable devices temperature regulation.®*%*
Fig. S17 illustrates the distribution of storage temperatures in
reported HSH studies,**™** while Table S11 provides a detailed
summary of these investigations. Many storage temperatures of
these composites are below 100 °C. Given an ambient temper-
ature of around 25 °C, the electrothermal conversion causes
irreversible losses of 80% or more at low storage temperatures
below 100 °C, making these systems inapplicable for grid-scale
or high-temperature applications like ETES. Introducing
higher-temperature PCMs enables the development of HSHs
better suited for ETES.

Therefore, in this study, a HSH with high-temperature PCMs
is proposed for integration into ETES systems. The development
of the HSH is guided by three key concepts:

(1) Use of metal alloys as PCMs: alloys are suitable PCMs with
high melting temperatures and can store high-temperature
heat. Additionally, metal alloy PCMs exhibit high thermal
conductivity and provide high thermal response during heat
storage and release.

(2) Use of microencapsulated PCM (MEPCM) with ZnO
coating: while alloys are promising as PCMs, they are highly
corrosive in their molten state and may react with structural
materials. In our previous research, we developed a MEPCM
with a Zn-30Al alloy core (melting point: 430-509 °C) and
a three-layered coating comprising ZnO, ZnAl,0,, and y-Al,0;
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with about several-micrometer thickness, respectively."****® The
MEPCM was made by 2 steps; boehmite treatment in boiling
water to form an aluminum hydroxide precursor coating on
alloy particles and heat-oxidation treatment to obtain oxide
coatings. The ZnO layer on the MEPCM surface acts as a semi-
conductor, offering potential for electrothermal conversion.
This suggests that Zn-30A1 MEPCM could also serve as an
electric heater.

(3) Development of a composite PCM using MEPCM: our
MEPCM can be handled like ceramic particles, allowing the
development of composite PCMs. Previous studies demon-
strated that a composite PCM with a cylindrical shape and
a diameter of 1 cm could be prepared by manual mixing and
sintering Zn-30Al MEPCM with glass frit (GF) as a sintering
aid.">"*° The composite PCM retained its shape even after 1000
solid-liquid thermal cycles.

Fig. 1 shows a schematic of the HSH using Zn-30Al MEPCM.
The composite PCM shows potential as a HSH, due to its LHS
capability from Zn-30Al and its suitable electrical resistivity for
electrothermal conversion. This resistivity is achieved through
percolation, forming a conducive network within the MEPCM.
Notably, with the higher electrical resistivity design compared
to existing electric heaters, the HSH is expected to be more
suitable for ETES systems with high power input. Furthermore,
because the composite PCM is fabricated using powder
molding and sintering, the shape design is relatively flex-
ible."*”13® Therefore, it is possible to design better ETES systems
with HSHs of various shapes that are compatible with the
system and heat exchanger to be installed.

In the light of the foregoing, this study investigates the use of
a composite PCM based on Zn-30Al MEPCM as a HSH. The
morphology and properties of the composite PCM were
analyzed. Additionally, electrothermal conversion capability
and LHS performance were validated. These findings address
the significant engineering challenge of incorporating large-
scale electric heaters systems such as ETES, and they are ex-
pected to guide the design of innovative, integrated systems that

Zn-30Al alloy, Solid
(Phase change material : PCM)

Liquid

Resistance heating

ZnO coating

Current

<38 um
Micro encapsulated PCM: MEPCM

Heat storage heater consisting Zn-30A1 MEPCM and sintering aid

Fig. 1 Illustration of the HSH using Zn-30Al MEPCM.
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10 pm

Fig. 2 SEM images of the (A) Zn-30Al MEPCM and (B) GF. These particles were used for making the HSH.

combine heaters and TESs. Therefore, the development of this
HSH concept is poised to accelerate the implementation of
ETES and further advance electrothermal
technologies.

conversion

Experimental

The fabrication of the Zn-30A1 MEPCM and the composite PCM
followed methods established in previous studies.*>*** Subse-
quently, composite PCMs were prepared by mixing and sinter-
ing the Zn-30A1 MEPCM with GF.

Raw materials

Zn-30Al alloy spherical particles (average diameter: 35.7 pm,
purity: 99.0%) were sourced from Hikari Material Industry Co.,
Ltd. as the base material of the MEPCM. Al(OH); powder
(average diameter: 2.9 pum, purity: 99.99%), obtained from
Kojundo Chemical Laboratory Co., Ltd., was incorporated into
boehmite and precipitation treatment solutions to increase the
amount of the precursor coating formed.

The GF (DSG006-S6, AGC Inc.), used as the sintering aid, had
an average diameter of 14.6 um, a density of 3.9448 ¢ cm >
(measured using an Ultrapycnometer 1000, Quantachrome
Instruments), a glass transition temperature of 610 °C, and
a softening point of 705 °C. Its primary constituents included
ZnO, La,03, B,03, and MgO, with trace amounts of SiO,, Al,O3,
and BaO. Fig. 2 shows the scanning electron microscopy (SEM)
images of the MEPCM and GF.

Preparation of MEPCM

Zn-30Al alloy particles were added to boiling water (300 mL)
containing suspended AIl(OH); at a concentration of 1.7 g L™,
achieving a particle concentration of 167 g L™ ". The mixture was
stirred at 500 rpm for 3 hours to perform the boehmite treat-
ment. Afterward, this treatment solution was cooled to 75 °C
and left for 16 hours for the precipitation treatment. These
processes formed a precursor coating of Al(OH); and AIOOH on
the alloy particles. After drying at 100 °C for 18 h, the samples of
the precursor, weighing 5 g each, were placed in an alumina
boat within an electric furnace under oxygen flow. The
temperature was gradually increased to 800 °C at a rate of 10 ©

This journal is © The Royal Society of Chemistry 2025

C min ™, held for 3 hours, and cooled at the rate of 50 °C min™*

to 25 °C. The resulting MEPCM had a density of 4.3194 g cm?,
measured using the pycnometer.

Preparation of composite PCM

To evaluate the impact of MEPCM content on sample properties
relevant to the HSH, mixed powders with varying MEPCM
proportions (25, 30, 40, 50, 60, 70, 75, and 80 vol% of the total
volume) and GF were prepared. The powders were manually
mixed by shaking them in a resealable plastic bag for 15 min.
A total of 0.5 or 2.5 g of the mixed powders was pressed at
20 MPa for 1 minute using a die with a diameter of 1 cm. The
resulting green composite PCMs were heated to 800 °C at a rate
of 5°C min ", held at this temperature for 1 hour, and cooled to
25 °C at the same rate in air. The composite PCMs were labeled
as MEx, where x corresponds to the MEPCM volume percentage

Ar gas
inlet

Electrothermal
conversion assembly

Glass wool

Fig. 3 (A) Setup and (B) enlarged view of the apparatus for electrical
heating of the HSH. Panel (B) provides a close-up of the area high-
lighted with red dashed lines in (A).
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(25, 30, 40, 50, 60, 70, 75, and 80 vol%) in the starting powder.
Furthermore, the samples of 0.5 g and 2.5 g were used for
sample analysis and electrical heating, respectively.

Characterization

The morphology and properties of the prepared composite PCM
were analyzed. Their phases were identified through X-ray
diffraction (XRD, Miniflex600, D/teX Ultra2, Cu Ka, A = 1.5418
A, Rigaku). Measurements were performed at a rate of 5° min ™"
over a range of 3° to 90°. Cross-sections of the composite PCM
were prepared using a cross-section polisher (IB-09010CP,
JEOL) at the operation voltage of 6 kV. Field emission SEM
(FE-SEM, JSM-7001FA, JEOL) and energy dispersive spectros-
copy (EDX) were performed to observe the cross sections.
Additionally, Auger electron spectroscopy (AES, JAMP-9500F,
JEOL) provided a more detailed elemental analysis of the
composite PCM cross-sections.

Bulk density, encompassing both open and closed pores, was
determined using caliper (CD-15C, Mitutoyo) measurements to
calculate the volume. The instrument error of the caliper are
+0.02 mm. Apparent density, which considers only closed
pores, was measured using the pycnometer. Density measure-
ments were performed five times for each composite PCM and
the average of four readings, excluding the highest value, was
taken as the apparent density. In addition, a calculated density
was derived from the density and content of each material
constituting the composite PCMs, defining an ideal density.
The proportions of closed and open pores in the composite
PCM were determined using the following equations:

Closed pore (%) = 100 — 22 x 100 1)
Pc

Open pore (%) = 100 — Z—B x 100 — closed pore 2
c

Before heat treatment

View Article Online
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where p,, ps, and pc are the apparent, bulk, and calculated
densities of the composite PCM samples, respectively.

The latent heat capacity and heat storage temperature of the
composite PCM samples were measured through thermogravi-
metric analysis and differential scanning calorimetry (TGA-DSC,
TGA-DSC-3, Mettler Toledo). The powder obtained from
crushed composite PCM samples was added to an a-Al,O; pan
(30 uL) and heated and cooled from 100 to 600 °C at 5 °C min~ "
in an airflow of 50 mL min "

The volume resistivity of the composite PCM samples was
investigated using a four-probe resistivity meter (Loresta-GP
MCP-T610, Mitsubishi Chemical Analytech Co., Ltd). The
terminals of the resistivity meter were brought into contact with
each end of the composite PCM samples, and five measure-
ments were taken per sample. This process was repeated for
three samples under each condition and the average value was
used to determine the electrical resistivity.

Electrical heating of composite PCM

To validate the electrothermal conversion and heat storage
capabilities of the composite PCM, an electric current was
applied. Fig. 3 shows the apparatus used for energizing the
composite PCM samples. The ME50 sample was placed between
copper plates connected to electrodes inside a quartz glass tube.
These electrodes extended outside and were connected to
a power supply (PWR801H, Kikusui Electronics).

For temperature measurement, a 1 mm diameter hole was
drilled into the composite PCM, and a thermocouple was
inserted. The recorded temperature corresponded to that at the
center of the composite PCM. To minimize contact resistance,
silver paste was applied between the composite PCM and
copper plates. The quartz tube was evacuated with a vacuum
pump after being purged five times with argon. The sample was

After heat treatment

Fig. 4 Photographs of ME25, ME50, and ME75 before and after heat treatment.
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then heated to 590 °C and held for 5 minutes to sinter the silver
paste.

The electric power required to heat the sample to 590 °C was
determined. Using this predefined current, the composite PCM
was subjected to thermal cycling tests, by heating it to 590 °C
and holding it for 1 minute before deactivating the power
supply to allow cooling to 150 °C. These temperatures were
chosen to achieve the phase changes of the alloy within the
composite PCM. This heating and cooling cycle was repeated 10
and 100 times. Here, the cycling test of 100 times was performed
in three separate stages consisting of 30, 30, and 40 cycles,
respectively. Notably, previous studies have demonstrated that
this composite PCM possesses high thermal cyclic durability,
withstanding more than 1000 melting-solidification cycles
when subjected to thermal cycling in an electric furnace.'**

Results
Morphology of composite PCM

The results focus on ME25, ME50, and ME75, as the electrical
resistivity trends of the composite PCM were categorized into
three distinct classifications. Fig. 4 shows the photographs of
the composite PCM before and after heat treatment, showing
that their cylindrical shapes were retained. In contrast to the
other samples, ME25 exhibited a shiny surface after heat
treatment, attributed to its high GF content.

Fig. 5 shows the XRD patterns of ME25, ME50, ME75, and
pure GF after heat treatment. The GF diffractogram shows
multiple peaks attributable to its constituent oxides. In
contrast, the XRD patterns of ME25, ME50, and ME75 patterns
include additional peaks, confirming the presence of Al and Zn.
The intensities of these Al and Zn peaks increase proportionally
with the MEPCM content, reflecting the contribution of Zn-30Al

ME75

A A A.JLM_ . JL—M—_—A_A—A_A—WJ
H MES50

£
&
2 ME25
g
e
GF
| ZnO
| | 1 | | 1y
| | Al, Zn
L I L 1
10 20 30 40 50 60 70

26 [degree]

Fig. 5 Normalized XRD patterns of ME25, ME50, ME75, and GF after
heat treatment, with reference peaks for Zn, Al, and ZnO displayed at
the bottom.
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Fig. 6 Bulk density, apparent density, and calculation density of ME25,
MES50, and ME75. Open and closed pore volume fractions are calcu-
lated from densities.

PCM in the composite PCMs. These findings confirm the
retention of the Zn-30Al alloy in the MEPCM after heat
treatment.

Fig. 6 shows the densities and pore volume fractions of
ME25, ME50, and ME75. Among the three samples, ME50
exhibits the highest bulk density. Their apparent density
increases with increasing MEPCM content. However, the bulk
and apparent density are lower than their calculated density.
This discrepancy confirms the presence of open and closed
pores in the composite PCM. The open and closed pore volume
fractions calculated from the densities decrease and increase,
respectively, with increasing MEPCM content. Notably, the total
pore volume fraction of ME50 is approximately 10% lower than
those of ME25 and ME75.

Fig. 7 shows the SEM images and EDX elemental mappings
of the cross sections of the as-prepared composite PCM. The
cross-sectional images reveal circular grains 30 um in diameter
embedded within the matrix. The area occupied by the circular
grains increases with increasing MEPCM content.

The EDX elemental mapping results confirm that the
circular grains primarily contain Al and Zn, whereas the matrix
contains most of O. From the shape of each phase and the
detected elements, the circular and matrix phases were identi-
fied as the MEPCM and GF, respectively. This indicates that the
spherical shape of the MEPCM particles was retained after the
preparation of the composite PCM. In addition, the areas of the
EDX map where no elements were detected represent the pores
in the composite PCM. In particular, ME75 exhibited numerous
pores.

Additionally, the regions in the EDX map where no elements
were detected represent the pores within the composite PCM.
Nearly circular shaped pores were observed in ME25, and
irregularly shaped pores were confirmed along the MEPCM in
MES50 and ME75.

Fig. 8 shows the Auger elemental mapping of the interface
between the MEPCM and GF in ME50. A half-circular domain,

J. Mater. Chem. A, 2025, 13, 26521-26533 | 26525
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Fig. 7 SEM images and EDX elemental mapping of the cross-sections of the as-prepared HSHs.

Fig. 8 Auger elemental mapping of the ME50 cross-section.

observed in the SEM image and corresponding to the MEPCM,
contained Al and Zn. The surrounding matrix, identified as GF,
is characterized by the presence of O. Additionally, B was
distributed throughout the matrix, while Mg and La were
localized within the GF phase. Mg and La act as the modifica-
tion of the network structure of the glass frit.*3**

26526 | J Mater. Chem. A, 2025, 13, 26521-26533

AlZn O

Electrothermal conversion in composite PCM

Fig. 9 shows the electrical resistivity of the composite PCM
samples as a function of MEPCM content. In addition, due to
the small range of variation across many conditions, the visi-
bility of the error bars on Fig. 9 is limited. Therefore, the
standard deviations for each condition are provided in Table

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Electric resistivity of the composite PCM as a function of
MEPCM content. Resistivity measurements for GF, ME25, and ME30
are not reported because they exceeded the apparatus’s upper limit of
107 @ cm.

S2.1 The resistivity of ME30, ME25, and GF exceeded the
measurement limit of the apparatus (>10” Q cm), categorizing
these samples as insulators. The electrical resistivity of the

View Article Online
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composite PCMs decreased from ME30 to ME50 and then
increased to ME80. Overall, the composite PCM samples exhibit
sufficiently low resistivity to permit current flow. Furthermore,
the electrical resistivity of the composite PCMs can be tuned by
adjusting the MEPCM content, enabling tunability for various
electrothermal conversion systems.

Fig. 10 illustrates the temperature profile of ME50 during 10
energization cycles. ME50 was selected for its ability to reach
temperatures exceeding the PCM melting point, within the
maximum voltage and current limits of the power supply used.
Repeated cycles of heating and cooling (10 in total) were performed
on ME50, consistently achieving the 590 °C target through elec-
trical heating. Notably, temperature plateaus appeared at approx-
imately 470 °C and 220 °C during the cooling phase, as shown in
Fig. 10B and C. These plateaus correspond to solid-liquid and
solid-solid phase transitions of the Zn-Al alloy, respectively, in
accordance with the Zn-Al alloy phase diagram (Fig. S27).

The difference between the phase change temperatures in
the phase diagram and the observed plateaus in Fig. 10B and C
was attributed to the undercooling of the Zn-30Al PCM. These
findings confirm that ME50 demonstrates electrical heating
and LHS, making it suitable for use as an HSH.

Fig. 11 shows the temperature profiles of ME50 during 100
cycles. The heating above the melting temperature of Zn-30Al
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Fig. 10 Temperature variations of ME50 during energization, showing (A

) the entire cycle and (B and C) the cooling phases of the first and tenth

cycles, respectively. The regions marked with green dashed lines in (A) correspond to (B) and (C).
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Fig. 11 Temperature profiles of ME50 during 100 cycles, showing (A) 60 cycles and (B) 40 cycles. By the combinations of the cyclic tests of (A)
and (B), 100 cycles were performed. (C) and (D) The cooling phases of the first and 100th cycles from (A) and (B), respectively. By the combination

cyclic tests of (A) and (B), 100 cycles were performed.

PCM was performed during the 100 cycles. The temperature
plateau was observed from the profile during the cooling of 100
cycles. This result means that the resistance heating and the
latent heat of ME50 keep after 100 cycles. Fig. 12 illustrates the
SEM image and EDS mappings of the HSH surface. The parti-
cles with 20 pm-diameters were observed on the HSH surface.
Zn and O were strongly detected on the particles. These parti-
cles correspond to the MEPCM as the raw materials of the HSH.
SEM images and EDS mapping showed that the MEPCM on the
surface of HSH retained its morphology and composition after
100 cycles.

Thermal properties of HSH

Fig. 13 shows the DSC heating curves of ME50 before and after
10 heating cycles. During heating, two endothermic peaks were
observed; one at 280 °C and another within the 432-508 °C

range, based on their onset and the onset-to-endset

Fig. 12
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temperatures, respectively. Based on the Zn-Al alloy phase
diagram (Fig. S21), these peaks stem from the solid-solid and
solid-liquid phase changes of the Zn-30Al alloy. The integral
values of these peaks corresponded to the latent heat capacities
of ME50, calculated as 15 J g~ at 280 °C and 43 J g~ " at 432~
508 °C. During cooling, exothermic peaks were confirmed at
248°C (16 J g~ ') and within the 422-494 °C range (48 ] g ). The
downward temperature shift of these peaks compared to those
during the heating phase reflects the supercooling of Zn-30Al.
Importantly, the latent heat capacities and phase change
temperatures remained consistent after 10 heating-cooling
cycles, as depicted in Fig. 12B.

Fig. 14 shows the retention rate of the latent heat capacity of
ME50 before and after cyclic tests. The latent heat capacities of
10 and 100 cyclic-tested ME50 retained 98% and 96% of that of
the as-prepared HSH.

Table 1 presents the melting temperatures and latent heat
capacities of the other HSHs obtained from TG-DSC results. The

100 pm

(A) SEM images and EDS mappings of (B) Al, Zn, and (C) O illustrate the morphology of MEPCM on the HSH surface.

This journal is © The Royal Society of Chemistry 2025
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Fig. 14 Retention rate of latent heat capacity of ME50 before and after
the cyclic tests. Latent heat capacities are based on the solid-liquid
phase change of Zn-30Al during heating.

corresponding DSC curves for the MEPCM and HSHs except
ME50 used to determine the melting temperatures and latent
heat capacities are presented in Fig. S3.f The melting and
solidification temperatures of all HSHs were similar to those of
the Zn-30A1 MEPCM. Additionally, the latent heat capacities of
the HSHs increased proportionally with the MEPCM content.

Discussion
Electrical conduction mechanism of HSH

The electrical resistivity trends of the HSHs shown in Fig. 9,
aligns similar with the percolation theory for conductive parti-
cles.*** According to this theory, introducing filler materials
with low electrical resistivity decreases the overall resistivity of
a composite material. However, this relationship is nonlinear as
it depends on the formation of a continuous conductive
network by the filler material within the matrix. A sharp
decrease in the electrical resistivity of a composite material
occurs when the filler content exceeds a critical threshold. In
this study, while GF, ME25, and ME30 exhibited high electrical
resistivity, the electrical resistivity decreased from ME40 to
MES50 due to the formation of a conductive network by the
MEPCM filler material within the HSH.

Tablel Melting and solidification temperatures (onset—endset) and calculated latent heat capacities derived from the DSC curves of the MEPCM

and HSHs

Heating

Cooling

Melting temperature

Latent heat capacity Melting temperature Latent heat capacity

sample name [°C] Ug 'l [°c] g ]
7Zn-30A1 MEPCM (raw material of HSH) 438-512 85 425-499 90
ME40 433-516 35 425-497 45
MES50 432-508 43 422-494 48
ME60 435-510 51 421-491 63
ME70 436-511 59 423-492 65
ME75 437-513 61 422-494 68
MES0 437-513 64 425-499 73

This journal is © The Royal Society of Chemistry 2025

J. Mater. Chem. A, 2025, 13, 26521-26533 | 26529


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta01665g

Open Access Article. Published on 21 July 2025. Downloaded on 4/2/2026 9:13:30 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

In general, the percolation theory suggests that after
a significant decrease, the electrical resistivity remains
unchanged or decreases slowly as the filler material content
increases. However, the resistivity of the HSHs increased with
the MEPCM content beyond ME50, indicating that factors
beyond percolation theory may influence this trend. Specifi-
cally, the shrinkage of GF due to softening and sintering during
heat treatment may result in the rearrangement of the MEPCM
within the HSH. The rearrangement generally increases the
density of the HSHs. The softening and sintering effects of GF
become more pronounced with increasing GF content. Despite
this, as shown in Fig. 6, the pore volume fraction in ME50 was
lower than in ME25, potentially due to inadequate mixing of the
MEPCM and GF, which may have resulted in uneven sintering
of particles. Improved mixing techniques could help achieve
a more uniform distribution, aligning the electrical resistivity
trends more closely with the predictions of percolation theory.

Comparison between typical electric heater and the HSH

Table 2 compares the electrical resistivity of typical electric
heaters with that of the HSH."*'* The HSH exhibits higher
electrical resistivity than conventional electric heaters, which
offers a potential advantage in electrothermal conversion when
using VRE.

During power transmission, electric power is typically
reduced in voltage from several hundred kilovolts to a few
hundred volts for end use applications.***** In the case of
conventional electric heaters, large current flow at these volt-
ages, necessitates larger heater sizes, increasing both cost and
spatial requirements. In contrast, the higher electrical resis-
tivity of the HSH enables its potential application at higher
voltages prior to transformation and has potential application
about the reduction of the costs and energy losses associated
with voltage transformation and save space. Future studies
should investigate the HSH's voltage tolerance to establish its
upper operational limits and assess its viability in such systems.

Interfacial reactions between MEPCM and GF

The HSHs were prepared by sintering GF and the MEPCM.
During the heat treatment, GF softened and deformed to cover
the MEPCM, as shown in Fig. 7 and 8. Additionally, interfacial

Table 2 Comparison of electrical resistivity between typical electric
heaters and the HSH in this study

Electrical resistivity

Material (Q cm) References
Ni-Cr 1.331 x 1074 142
Fe-Cr-Al 1.39 x 10°* 143
Pt-Rh 1.87 x 107° 143
Ta 13.15 x 10 144
W 5.28 x 10°° 144
Mo 5.34 x 10°° 144
C (graphite) 1.000 x 10°° 143
MoSi, 4x107° 143
sic 0.05-0.48 145
HSH 9.8-3.0 x 10° This study
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reactions between the MEPCM shell and GF are expected at the
interface of the two. In particular, B,0;, a primary component of
GF (Fig. 8), can readily react with the ZnO coating of the MEPCM
during the 800 °C heat treatment used for composite PCM
preparation. Cedillo et al.'*® reported the synthesis of ZnB,0,
from ZnO and B,Oj; at temperatures above 600 °C. While XRD,
SEM-EDX, and AES results of the study (Fig. 5, 7 and 8,
respectively) did not explicitly confirm the formation of oxides
containing Zn and B, it may have formed in small regions at the
interface between the MEPCM coating and GF. Such a reaction
is hypothesized to yield a robust interface capable of enhancing
the cyclic durability of the composite PCM.

Conclusion

In this study, we developed an HSH capable of electrothermal
conversion as well as LHS at high temperatures. This dual
functionality was achieved by employing a MEPCM with a Zn-
30Al core and a ZnO coating. The HSHs were prepared by sin-
tering the MEPCM and GF particles at 800 °C for 1 hour in an air
atmosphere after mixing and pressing. The resulting HSHs
exhibited electrical resistivities of more than 9.8 @ cm induced
by the MEPCM network within the structure. The electrical
resistivities of the HSHs varied with the MEPCM content, sug-
gesting that the electrical resistivity of the HSH can be tuned.

The HSH successfully reached 590 °C above the melting
temperature of Zn-30Al PCM (432-508 °C) through electrical
heating. During cooling, a temperature plateau resulting from
the solidification of the Zn-30Al PCM was observed. After 100
cycle-energized HSHs, 96% of the latent heat capacity of the
HSH was retained. These findings demonstrate the HSH's
potential for high temperature electrothermal conversion and
LHS.

This study lays the groundwork for incorporating HSH units
into advanced energy storage and electrochemical conversion
architectures. Future investigations should target larger heat
storage capacities, extended operating temperature ranges, and
modular system designs that facilitate seamless integration of
the HSH. By doing so, these novel HSH-based ETES systems can
enhance the utility of VRE in industrial and other energy-
intensive settings, thereby advancing sustainable power
solutions.
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