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Eutectic gallium—indium (EGaln) has emerged as a promising liquid metal (LM) photothermal material but
suffers from poor broadband absorption, limiting its potential in solar energy harvesting. Here, we
demonstrate that blending EGaln with n-eicosane (CygH42), @ chemically inert paraffin-based phase
change material (PCM), substantially enhances broadband solar-to-heat conversion. Although CyoHap
alone exhibits negligible solar absorption and no intrinsic photothermal activity, its physical hybridization
with EGaln enables more effective utilization of incident light by forming a thick dielectric layer on the
plasmonic LM surface. The resulting EGaln—-C,oH4, hybrid particles display progressively reduced
reflectance across the UV-visible-NIR spectrum as the C,oH4> content increases, leading to markedly
improved photothermal heating under simulated solar irradiation. Compared with pure EGaln droplets
(AT = 7 °C after 20 min), CyoH42-rich hybrids achieved AT values up to 19.9 °C despite containing less
metallic EGaln. Differential scanning calorimetry confirmed that C,oH4, preserved its PCM functionality
within the hybrids, exhibiting latent heat storage and release near 30-40 °C, which produced

characteristic temperature plateaus during heating and cooling cycles. These synergistic effects enable
Received 12th September 2025

Accepted 17th November 2025 hybrids that simultaneously enhance sensible heat generation and latent heat utilization without

chemical modification of the constituents. This blending strategy thus provides a simple, non-reactive
DOI: 10.1035/d5ta07484¢ route to boost LM-mediated solar energy harvesting, demonstrating the potential of multifunctional LM—

rsc.li/materials-a PCM composites in thermal management, energy storage, and solar-driven technologies.

Each of these materials can induce photothermal conversion
through different mechanisms. Metallic nanomaterials convert
light into heat through localized surface plasmon resonance

Introduction

The Sun serves as the fundamental source of energy for virtually

all biological and environmental processes on Earth. It emits
electromagnetic radiation across the ultraviolet (UV), visible,
and infrared (IR) regions of the spectrum, each characterized by
distinct wavelength ranges. Upon absorption by matter, these
radiations can be converted into thermal energy, a process
referred to as photothermal conversion.® Solar-driven photo-
thermal conversion has garnered increasing attention due to its
significance in a wide range of applications, such as thermal
energy harvesting,>® solar steam generation,”® water
purification,®” electricity generation,>®° and de/anti-icing.'*"*
Various materials have been studied that enable high absorp-
tion of broad-spectrum light and efficient conversion of this
light into heat, including metals,» semiconductors,>®
carbon,>”*' organic polymers,*'* and their composites.'**?
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(LSPR) phenomena,** which operate over relatively narrow
wavelength ranges." Semiconductor materials absorb light with
photon energies comparable to their bandgaps, generating
electron-hole pairs; the energy of the excited electrons is then
converted into heat via non-radiative relaxation processes.™
Carbon-based materials and certain organic polymers effi-
ciently convert absorbed light into heat via lattice vibrations."
Gallium-indium eutectic alloy (EGaln), a type of liquid metal
(LM)*® with a low melting point (~16 °C), has recently emerged
as a promising photothermal conversion material.’”-** Over the
past decade, a significant number of studies have reported that
the unique combination of its plasmonic properties and its soft,
deformable nature near room temperature enables it to func-
tion as a shape-transformable photothermal transducer.
Notably, unlike the well-known LM mercury, EGaln is signifi-
cantly less toxic, which has spurred extensive research into its
biomedical applications, such as photothermal therapy® and
drug delivery systems.**** Early studies discussed the plasmonic
resonance of EGaln under UV light; however, more recent
research, particularly in the biomedical field, has focused on
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the photothermal conversion properties of EGaln—especially
when dispersed as micro*** or nanoscale”%* colloidal drop-
lets—under near-infrared (NIR) light. Although simulation-
based efforts to elucidate the plasmonic properties of EGaln
across a broad wavelength range from UV to NIR have been
reported recently,” a much greater number of experimental
observations are still urgently needed.

Research on solar-driven applications using EGaln is rela-
tively scarce, primarily due to the limited solar absorption
capability of pure EGaln. To harness EGaln for solar applica-
tions, its hybridization with other materials has been consid-
ered essential.>*>'***% For instance, Wei and colleagues mixed
stearic acid (STA) with EGaln via high-energy ball milling,
inducing a mechanochemical reaction.’ They proposed that this
process forms a new chemical bond between STA and EGaln,
which significantly narrows the bandgap of EGaln. The result-
ing STA-EGaln hybrid demonstrated improved solar-to-thermal
conversion efficiency and was employed in applications such as
solar steam generation, desalination, and electricity produc-
tion. Meanwhile, Flores and colleagues developed a high-
performance thermoelectric device by fabricating a broadband
light absorber ink based on metal-polyphenol coordination
complexes (MPI) and depositing it onto a surface coated with
gallium (Ga) droplets, which, similar to EGaln, exhibit excellent
NIR absorption along with high thermal and electrical
conductivity.”® Notably, no evidence for the formation of new
compounds at the MPI-Ga interface was observed using this
method. The two distinct layers in the resulting MPI-Ga bilayer
composite appeared to serve different roles. Broadband light
absorption predominantly occurred in the outer MPI layer
directly exposed to solar irradiation, which constituted the
primary mechanism driving the enhanced solar-to-thermal
conversion of the composite.

Most previous studies that employed LMs for solar energy
harvesting have thus relied on inducing irreversible chemical
reactions of the LM or coupling it with strongly light-absorbing
materials.>*>***2° In contrast, mechanisms for enhancing
photothermal conversion efficiency through simple hybridiza-
tion with chemically inert and optically non-absorbing mate-
rials possessing structurally simple compositions remain
largely unexplored. Typical solar-driven applications such as
water harvesting®**' and passive thermal management®* ulti-
mately require large-area implementation. However, the rela-
tively high cost of LM can be a major hurdle for practical
deployment. Furthermore, strategies that rely on specialty
chemicals or complex multistep reactions to improve photo-
thermal conversion efficiency tend to increase production costs
and move LM-based technologies further away from real-world
feasibility. Therefore, exploring scalable materials that are
commercially accessible and easily hybridized with LMs is not
only of fundamental scientific importance but can also provide
a valuable conceptual guideline for the rational design of
plasmonic LM-based photothermal systems for diverse future
applications.

In this study, we report the enhanced solar-to-heat conver-
sion observed in EGaln blended with n-eicosane (C,oHa,), a type
of paraffin wax. This material possesses a chemically simple
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structure, is relatively inexpensive, and is thus favorable for
scalable applications. Very recently, a similar composite system
combining mixed paraffin waxes with LM was reported;*
however, that study incorporated strongly light-absorbing gra-
phene nanoplatelets for specific thermoelectric generation
applications, making it difficult to isolate the intrinsic syner-
gistic effect between the LM and paraffin components on pho-
tothermal conversion. Furthermore, it remains essential to
investigate the photothermal behavior of LM-paraffin
composites under more realistic solar irradiation conditions (1
SUN, 1 kW m™?) rather than the impractically high intensities
previously employed, in order to elucidate their intrinsic light-
to-heat conversion characteristics and practical applicability.
While C,0H,, does not form new bulk compounds with EGaln,
it can create a thick dielectric layer on the metallic surface,
modifying its optical properties. Although C,oH,, itself exhibits
limited broadband solar absorption and lacks intrinsic photo-
thermal activity, the physically hybridized paraffin layer mark-
edly reduces the direct reflection of incident broadband light
from the plasmonic EGaln surface, thereby enabling substan-
tially enhanced solar-to-heat conversion. Another key charac-
teristic of C,oH,, is its phase change material (PCM)
properties,®>** which undergo solid-liquid transitions in the
temperature range of 30-40 °C. In these temperatures, it can
absorb (when heated) or release (when cooled) significant
amounts of heat in the form of latent heat. This characteristic
makes it a promising passive thermal management material,
with potential applications ranging from traditional areas such
as building materials** and textiles** to newer fields like
batteries,*® solar cells,”” and cosmetics.*® Although extensive
studies have explored the integration of plasmonic absorbers
with PCMs to harvest solar or photothermal energy through
latent heat storage,* there has been little investigation into the
synergistic combination of PCMs with deformable, liquid-state
photothermal agents such as LMs—which could open new
opportunities for multifunctional and adaptive energy-
harvesting systems.** When the surface temperature rises via
LM-mediated photothermal conversion to near or above the
melting temperature of C,oHy, due to photothermal heating,
the generated heat is stored as latent heat in C,oH,4,. When the
heated surface cools to near or below the crystallization
temperature of C,oH,,, the stored latent heat is released. These
latent heat storage and release capabilities increase with the
proportion of C,oH,4, in the hybrid material. Consequently,
when the content of EGaln, the photothermal agent actually
converting sunlight to heat, is low in the hybrid composition,
a paradoxically much higher temperature rise (i.e., sensible heat
effect) can be expected, along with enhanced latent heat utili-
zation. We discuss this unique potential of hybridizing the LM
EGaln with paraffin-based PCMs, which are generally consid-
ered to be chemically inert and exhibit low solar absorption, for
solar energy harvesting.

37

Results and discussion

Fig. 1a illustrates the appearance of mixtures of EGaln and
C,0H,, at various volume ratios. Pure EGaln, with a melting
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(a) Appearances of precursor mixtures of EGaln and C,gH4, with various EGaln : CooH4, volume ratios (scale bar: 1 cm). (b) SEM images of

EGaln-rich (8 : 2; left column) and C,gH4,-rich (2 : 8; right column) precursor mixtures (scale bars in the upper and lower rows correspond to 100

pm and 10 pum, respectively). (c) XRD patterns of pure EGaln (10: 0),

EGaln-rich (7: 3) precursor mixture, and CyoHap-rich’ (3:7) precursor

mixture, along with the standard PDF card of CygH4,. (d) ATR-FTIR spectra of pure CyoH4, (0 : 10) and CyoH4,-rich (2 : 8) precursor mixture. Both

spectra were smoothed to improve signal-to-noise ratios.

point of approximately 16 °C," exists as a low-viscosity liquid at
room temperature, and being metallic, exhibits a bright,
reflective appearance. In contrast, C,,H,,, a paraffinic wax with
a melting point of approximately 37-39 °C,*® appears as a white
solid powder at room temperature. When these two materials
were mixed in various proportions using a porcelain mortar and
pestle, the resulting mixtures exhibited different characteristics
depending on the EGaln-to-C,oH,, ratio. In the range of 9:1 to
6:4 EGaln : C,0H,, by volume, the mixtures retained a metallic
luster but formed a highly viscous paste compared to pure
EGaln. This behavior aligns with our previous observations on
mixtures where a similar paraffinic substance, n-docosane
(C22H46), was micronized and dispersed into an EGaln matrix at
volume fractions up to 40 vol%.** At higher C,,H,4, volume
fractions, specifically in the range of 5: 5 to 4 : 6 EGaln : C,oH,,,
the mixtures exhibited a texture resembling wet sand, with
significantly diminished brightness and reflectivity. Finally, for
C,oHy,-rich mixtures with EGaln : C,oH,, volume ratios from 3 :
7 to 1:9, the mixtures resulted in dark solid powders.

The transition in the morphology of LM and solid powder
mixtures from a liquid-like to a solid-like state with increasing
solid powder content is a phenomenon commonly observed in

This journal is © The Royal Society of Chemistry 2026

mixtures of LMs with solid powders,*>*" including substances
other than paraffinic compounds like C,oH,, used in this study.
In the typical scanning electron microscope (SEM) images of
EGaln-rich mixtures (e.g., those with EGaln: C,,H,, volume
ratios of 9:1-6: 4; Fig. 1b, left), the bulk LM appeared to form
a “continuous phase,” in the colloidal sense, seemingly envel-
oping small particulates, presumably C,,H,4,. The correspond-
ing X-ray diffraction (XRD) patterns of these mixtures (Fig. 1c)
showed only very weak peaks attributable to C,oH,,, while
exhibiting broad peaks resembling those of bulk LM. This
observation suggested that the majority of C,,H,4, was incor-
porated into the bulk LM. This continuous phase of LM
accounts for the shiny and reflective appearance observed in the
mixture. In contrast, the SEM images of the C,oHg,-rich
mixtures (e.g., those with EGaln : C,,H,, volume ratios of 3 : 7-
1:9; Fig. 1b, right) revealed no evidence of such bulk LM
envelopment. Instead, only fragmented aggregates ranging in
size from tens to hundreds of micrometers were observed. With
excess C,oH,p, EGaln likely lacked sufficient surface area to
cover all the C,oH,, particles, leading to its confinement within
the surrounding C,oH,, particles. Under higher magnification
in SEM imaging of these aggregates, severe charging
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phenomena were observed, indicating that the organic C,oH,,
primarily covered the surface of metallic EGaln (data not
shown). In the XRD patterns of these C,oH,,-rich mixtures,
numerous sharp peaks corresponding to crystalline C,oHy,
appeared prominently along with the broad peak of bulk LM,
indicating the presence of C,oH,, that was not enveloped by
bulk LM. It should be noted, however, that no entirely new
crystalline peaks unrelated to C,oH,, were detected.

The attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) spectra of the EGaln-C,,H,, mixtures (Fig. 1d)
generally exhibited higher absorbance than that of pure C,,Hy,,,
which can be attributed to the enhanced interaction with IR
electromagnetic radiation induced by the presence of EGaln.**
For pure EGaln and EGaln-rich mixtures, as is often the case
with bulk metals, the signal-to-noise ratio was excessively low,
rendering meaningful spectral analysis infeasible. Fig. 1d
shows the spectra of an EGaln : C,,H,, mixture with a volume
ratio of 2 : 8, which had transformed into a black solid powder,
as a representative example of C,oHg,-rich composites,
compared with that of pure C,oH,,. Notably, both pure C,oHy,
and the hybrid displayed similar characteristic bands:
~2900 cm ™', ~1460 cm™ ', and ~690 cm™ ', corresponding to
the C-H stretching, scissoring, and rocking vibrations of
paraffin, respectively.*® Importantly, no significant evidence was
observed for new functional groups—such as carboxylic acids—
that could form via potential metal-catalyzed oxidation reac-
tions,* indicating the chemical stability of paraffinic C,oHy,.
The differential scanning calorimetry (DSC) curves of the
mixtures, recorded over a wide temperature range (—150 °C to
100 °C), typically exhibited two completely distinct peaks cor-
responding to the bulk phase-change behaviors of the respec-
tive components during both heating and cooling (Fig. S1),
indicating that the two materials coexist as separate phases
rather than forming a new one.

The blended mixtures remained macroscopically stable
without visible phase separation under ambient conditions,
maintaining their morphological integrity over extended
periods (>1 year; Fig. S2). The adhesion between the chemically
dissimilar LM and paraffin phases is likely achieved through the
thin oxide “skin” formed on the LM surface.*>*¢ While it is
theoretically difficult for a non-reactive dielectric material to
achieve strong adhesion with a bare LM surface because of the
extremely high surface energy of LM,*"** many previous studies
have demonstrated that the low-surface-energy oxide layer on
LM surface significantly enhances its interfacial adhesion with
various materials.*>* Adopting the widely used Owens-Wendt-
Rabel-Kaelble (OWRK) method based on Fowke's classical
surface thermodynamic theory,’*** we calculated the work of
adhesion between the LM surface oxide and paraffin (Woyide-
paraffin; S€€ SI). The calculated Wiyide-paratin Of —74.2 m] m ?is
lower but on the same order of magnitude as the work of
adhesion between two LM oxide surfaces (Woyide-oxide = —131.4
mJ m~ ), both of which are markedly smaller in magnitude than
that between oxide-free, pristine LM-LM interfaces (Wyy 1y =
—27ypm < 1200 mJ m™2).#72 This comparison suggests that when
an oxide layer is present, adhesion between the LM and paraffin
phases—through the replacement of oxide-oxide contacts by
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oxide-paraffin interfaces—becomes energetically much more
viable than the hypothetical replacement of pristine LM-LM
contacts with LM—-paraffin interfaces. In a realistic scenario, the
LM-paraffin interface likely forms a composite interfacial
region consisting of both the surface oxide and exposed bare
LM generated during the mixing process.”” Unfortunately,
direct observation of the interfacial structure via electron
microscopy at higher magnification was limited due to the rapid
melting of paraffins under beam irradiation.

The mixtures were emulsified by combining them with
a 20 wt% polyvinyl alcohol (PVA) aqueous solution at a 5:5
volume ratio, using a mortar and pestle. This process dispersed
the mixtures into small particles within an aqueous continuous
phase. Images of selected compositions observed using
a transmitted light microscope equipped with a polarizing filter
are presented in Fig. 2. Pure EGaln particles appeared uniformly
dark because the light irradiated from beneath the sample
cannot transmit through them (Fig. S3a). In contrast, pure
C,0H,, particles exhibited a lustrous appearance owing to their
high crystallinity (Fig. S3b). Examination of the hybrid particles
of EGaln and C,oH,, reveals distinct morphological character-
istics depending on their composition. For EGaln-rich compo-
sitions, such as volume ratios of 9:1 and 7:3, C,yH,, was
scarcely observed, as most of it was encapsulated within LM
droplets. The SEM image of the 7:3 composition in Fig. 3a
shows dispersed particles with relatively smooth surfaces,
resembling those observed on pure LM droplets. Energy
dispersive X-ray spectroscopy (EDS) analysis in Fig. 3b confirms
these surfaces as LM. These surfaces occasionally exhibited
cracks, with C,oH,, protruding from within the LM droplets,
though such instances were rare. As the C,oH,, content
increased, the surface cracks became more pronounced, and
more C,oH,, extruded from the LM droplets, with the interior of
the droplets becoming saturated with C,oH,,. Starting from the
5:5 composition, where the precursor mixtures exhibited a wet
sand-like texture, the hybrid particles with surfaces covered by
irregularly shaped C,oH,, clusters increased significantly. This
trend became more pronounced at higher C,y,H,, proportions,
such as in the 4:6 and 3:7 compositions, with the SEM/EDS
analysis for the latter shown in Fig. 3c. Accordingly, the polar-
ized light microscopy (Fig. 2) revealed a progressively increasing
lustrous substance, attributed to C,oH,4,, surrounding the
EGaln droplets in C,oH,,-rich compositions. In compositions
with extremely high C,,H,, content, such as 1:9, a substantial
quantity of individually dispersed C,oH,, particles was also
observed.

Fig. 4 presents the DSC curves for EGaIn-C,,H,, hybrid
particles with various compositions. During heating, all
samples exhibited pronounced endothermic peaks at approxi-
mately 37-39 °C. During cooling, on the other hand, all samples
exhibited pronounced exothermic peaks at approximately 31—
33 °C. The temperatures at which these endothermic and
exothermic peaks appeared correspond to the melting and
crystallization temperatures of bulk C,oH,,, respectively. Thus,
these peaks observed in the EGaln-C,,H,, hybrid particles
likely reflect the solid-liquid phase transition of C,,H,, within
the hybrid particles. The DSC results

reveal several

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Polarized light microscopy images of the EGaln—CyoH4, hybrid particles at selected EGaln : CooH4, volume ratios (scale bars: 100 um).

characteristics of these hybrid particles: (1) In EGaln-rich
hybrids, C,oH,4, particles, which were mostly encapsulated
within the EGaln droplets and thus not discernible through
polarized light microscopy or SEM, were still present in the
hybrids. (2) The melting and crystallization enthalpy values
obtained by integrating the DSC curves (Table 1) match the
theoretical values calculated based on the compositions of the
input materials. This indicates that there was no major loss of
C,0H,, due to its chemical reactions or other processes during
the mixing of EGaln and CyoHy,. (3) As the C,oH,, content in the
hybrid increased, both the melting (AH,,) and crystallization
(AH,) enthalpy values systematically increased. For example, in
the EGaln-rich composition with an EGaln : C,,H,, ratio of 7: 3,
AH,, =15.2)J g "and AH, = 14.7 ] ¢, while in the C,oH,,-rich
composition with an EGaln : C,0Hy, ratio of 2: 8, AH,, = 57.4]
g 'and AH.=57.8] g '. This demonstrates that the latent heat
storage and release capacities of the hybrids increased during

This journal is © The Royal Society of Chemistry 2026

heating and cooling processes, respectively, with higher C,oH,,
proportions.

Simulated sunlight with an intensity of 1 SUN (1 kW m™?)
was irradiated onto surfaces coated with hybrid particles of
varying EGaln-to-C,oH,, ratios (Fig. 5a), and the resulting
temperature changes on the surface were observed using an IR
camera (Fig. 5b). The temperatures at three different points on
the surface (spot 1, 2, and 3, corresponding to the middle, left,
and right points, respectively) were measured simultaneously,
and no significant differences were found among the
measurements (Fig. S5). Fig. 5¢ shows the average temperatures
of the three points as functions of time. The temperature at the
point outside the hybrid particle-coated surfaces (spot 4),
exposed to the same simulated sunlight, did not increase
significantly (Fig. S5). Similarly, surfaces coated solely with
CyoH,, particles (i.e., EGaln:CyoH,, volume ratio = 0:10)
exhibited only a minor temperature increase (Fig. S6). On the
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(a) SEM images of the EGaln—CyoH4, hybrid particles at selected EGaln : CygH4, volume ratios (scale bars: 100 pm). SEM/EDS analysis of

the hybrid particles with (b) EGaln-rich (7 : 3) and (c) CooHa42-rich (3:7) compositions (scale bars in b: 100 um; scale bars in c: 50 um).

other hand, all surfaces containing EGaln exhibited a rapid
temperature rise within one minute, attributed to the high
photothermal conversion properties of EGaln.

There were two main interesting observations regarding the
temperature change behavior of surfaces containing both
EGaln and C,oH,,. First, after a rapid initial rise in surface
temperature, a plateau region occurred where the temperature
remained steady for several minutes, between 33 °C and 37 °C.
The delay in temperature increase during this region was likely
due to the phase transition of C,,H,, from solid to liquid, where
it absorbed the heat generated by the photothermal conversion
of EGaln in the form of latent heat. The DSC results shown in
Fig. 4 indicated similar endothermic behavior for these hybrids
in the same temperature range. This plateau region eventually
ended, probably due to the completion of the phase transition
of C,oH,,. Afterward, the surface temperature began to rise
again, driven by the continued photothermal conversion of
EGaln, with the rate gradually decreasing as the system
approached equilibrium. When the simulated sunlight was

642 | J Mater. Chem. A, 2026, 14, 637-650

turned off after 20 minutes, a sharp decrease in temperature
from the maximum temperature was observed. Interestingly,
plateau regions appeared once again between 34 and 36 °C. The
delay in the temperature drop during this region was likely due
to the phase transition of C,,H,, from liquid to solid, which
released the latent heat absorbed during heating, as inferred
from the exothermic behavior of these hybrids observed in DSC
near this temperature range. As the amount of C,,H,, in the
hybrid particles increased, the duration of the plateau region
became longer, and the time required for the surface to cool to
room temperature also increased. This is because, with more
CyoHy,, a greater amount of the stored latent heat could be
released, hindering the cooling of the surface. These observed
latent heat effects suggest that the EGaln-C,,H,, hybrids can be
used to store solar energy in the form of latent heat near the
phase transition temperature of the PCM, C,,H,,, and release it
for use when needed.

Apart from these latent heat effects, another significant
effect of C,0H,, is its ability to greatly enhance the overall

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 DSC heating and cooling curves of the EGaln—-CyoH4, hybrid
particles at selected EGaln: CyoH4, volume ratios. Baseline correc-
tions were applied to all overlapping data, and normalization was
performed with respect to the maximum heat flow peak.

temperature rise of surfaces coated with hybrid particles, ie.,
the sensible heat effect. As shown in Fig. 5c, it is evident that
increasing the C,oH,, content within the hybrid particles led to
a greater surface temperature rise, despite the corresponding
reduction in the amount of EGaln, which served as the photo-
thermal agent. When C,,H,, was entirely absent, the tempera-
ture rise was the lowest, with a final temperature of 33.65 °C
after 20 minutes of simulated solar irradiation; the temperature
change (AT) from the initial temperature in this case was merely
~7 °C. This low solar-to-thermal conversion efficiency aligns
with previous studies reporting similar results for pure EGaln
microdroplets.” We also dispersed EGaln via ultrasonication to
achieve particles approximately 1 pm or smaller in size—orders
of magnitude smaller, and invisible under optical microscopy
(as shown in Fig. S7a). The surfaces were then coated with these
ultrasonically dispersed particles, and their temperature
changes under the same intensity of simulated solar irradiation
were measured. The results (Fig. S7b) similarly demonstrated
a low temperature rise, indicating that particle size was not
a critical factor in the poor solar-to-thermal conversion effi-
ciency of pure EGaln droplets. On the other hand, when C,oHy,
was present, the initial 1 minute period, during which the
surface temperature rose sharply before reaching the plateau
associated with C,,H,,'s phase transition, showed an increased
rate of temperature rise as the C,,H,, content increased. After
surpassing the plateau and undergoing additional temperature
increases, the final temperatures for each surface were observed
to be 37.4, 39.8, 41.4, 43.0, and 45.9 °C for EGaln : C,yH,, ratios
of 7:3,5:5,4:6,3:7,and 2: 8, respectively; the corresponding
AT values were 11.4, 13.8, 15.4, 17.0, and 19.9 °C, respectively.
The steady-state photothermal conversion efficiencies (n) of
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Table 1 Experimental melting (AH,) (AH,)

enthalpies, and theoretical enthalpy (AH)¢

and crystallization

EGaln : CyoH,, AH, (inJ g™ AH. (inJ g™ AH (inJ g™

7:3 15.16 14.7 9.69
5:5 23.31 22.69 20.91
4:6 29.42 29.62 29.43
3:7 54.75 54.50 41.51
2:8 57.36 57.75 59.97

“ The AH, values were estimated by multiplying the mass fraction of
CyoHy, in each hybrid formulation by the average enthalpy of 199.7 J
g’l, corresponding to the solid-liquid transition of bulk C,H,,. The
discrepancies observed between the experimental and theoretical
enthalpy values for certain compositions are most likely attributed to
sample inhomogeneity during the DSC measurements, which may
have resulted from the very small sample mass (<5 mg) used in the
analysis. Nevertheless, the overall trend remains consistent with the
theoretical expectations. The agreement between the experimental
and theoretical enthalpy values for the EGaIn-C,,H,, hybrid particles
at selected compositions was further verified using a different C,oHy,
product that exhibited slightly higher bulk enthalpy and altered
phase-change kinetics (Fig. S4).

each system were calculated (SI), and the results are presented
in Fig. 5d. For the EGaln-only particles without C,oH,,, m was
approximately 34.5%. The blending with paraffin was found to
systematically enhance this value, yielding a maximum n of
83.3% at an EGaln : C,yH,, ratio of 2 : 8. This value falls within
the range previously reported for LM-based photothermal
systems that were either chemically modified or coupled with
external light absorbers (Table S$2).>**?*>% This finding suggests
that broadband solar harvesting by EGaln does not necessarily
require complex chemical processing, providing useful insights
for the rational design of future LM-based solar-harvesting
system. The m values observed for the 2:8 composition and
other hybrid ratios are also comparable to, or in some cases
even exceed, those reported for many metallic, semiconductor,
carbon-based, and polymeric photothermal materials.*
Contrary to common perception, these results demonstrate that
LMs can serve as highly effective solar-harvesting materials,
even through simple physical blending without the need for
elaborate chemical modification.

The reason why EGaln demonstrated higher solar-to-thermal
conversion efficiency when blended with C,oH,, is worth di-
scussing. C,oH,, is an organic compound composed solely of
sigma bonds, and it exhibits relatively low broadband absorption
in the UV-visible range.”® It has been shown to have limited
photothermal conversion capability under simulated solar irra-
diation on its own (Fig. S6). CyH4, is a chemically stable
compound, and the likelihood of forming new bulk compounds
upon mixing with EGaln is low. As shown in Fig. 1c and d, there
was little evidence of new compound formation in the precursor
mixture of the C,oHy,-rich hybrid, where a pronounced photo-
thermal conversion effect was observed. Moreover, as demon-
strated in Fig. 4 and Table 1, the latent heat absorption and
release of the EGaln-C,oH,, hybrid particles closely matched the
amount of C,oH,, introduced, indicating that no major chemical
reactions occurred that could lead to significant consumption of
C,oHy,. Thus, the mechanism underlying the enhanced solar-to-
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(a) Photographs of surfaces coated with EGaln—C,oH4, hybrid particles with various Ealn : CygH4, volume ratios, and (b) their IR images

captured after 20 minutes of simulated solar irradiation (1 kW m™2). (c) Average temperatures of three points on the hybrid-coated surfaces with
various Ealn: CooH4, volume ratios, represented as functions of time (solar on: 0—20 min; solar off: 20—-24 min). (d) Calculated steady-state

photothermal conversion efficiencies (n).

thermal conversion is more appropriately explored by probing
the local interfacial changes between EGaln and C,oHy,.

Using density functional theory (DFT) simulations, we
investigated the adsorption of a C,,H,, molecule on the (100)
surface of hexagonal EGaln bulk (Fig. 6a), identified as the most
energetically favored facet (Fig. S8). The adsorption energy per
C,0H,, molecule was calculated to be E,q = —0.42 eV, indicating
that the adsorption is essentially physisorption.

644 | J Mater. Chem. A, 2026, 14, 637-650

Partial density of states (PDOS) calculations for the EGaln-
C,oHy, interface revealed that the metallic character required for
plasmonic response is preserved (Fig. 6b). Interestingly, this
physisorption shifted the Fermi energy level (E¢) from —1.14 eV to
—2.24 eV (Fig. 6¢). This strongly suggests that the adsorbed
paraffin, although generally regarded as nonpolar, can induce
electron redistribution and form interfacial dipoles. Notably, the

This journal is © The Royal Society of Chemistry 2026
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calculated E; was even lower than that of the EGaln-Ga,O;
interface, which may be present on native EGaln surfaces (Fig. S9).

The ATR-FTIR spectra of the hybrid particles, emulsified and
collected in aqueous PVA solution for the photothermal
conversion experiments, were dominated by signals from the
functional groups of adsorbed PVA on the particle surfaces
(Fig. S10), which limited the ability to accurately assess inter-

—2.24 eV). (c) Calculated E; values for different interfacial compositions.

However, a detailed investigation using X-ray photoelectron
spectroscopy (XPS) enabled the detection of subtle interfacial
variations in the hybrid particles depending on the blending
ratio. Fig. 7 and 8 present the surface narrow-scan spectra and
depth profiling results for the C and Ga elements in pure EGaln,
EGaln-rich hybrid, and C,oHg,-rich hybrid particles. The C 1s
narrow-scan spectra (Fig. 7a—-c) showed that the hybrid particles

facial changes arising from compositional differences. blended with C,yH,, exhibited a relatively stronger C-C peak
EGaln-only | EGaln-rich I C, H,,-rich
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Fig.7 XPS (a—c) C 1s and (d—f) Ga 2p narrow scan spectra for the surfaces coated with pure EGaln (EGaln : CyoH42 = 10 : 0; a and d), EGaln-rich
hybrid (EGaln: CyoH42 = 7:3; b and e), and C,gH4,-rich hybrid (EGaln : CooH4o = 3:7; ¢ and f) particles.
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compared to the EGaln-only particles, which was attributed to
the sp® carbons of the surface-adsorbed paraffin C,oH,,. Depth
profiling analysis further suggested that the hybrid particles
possessed a much higher carbon content at and beneath the
surface than the EGaln-only particles, and that the C,oH,,-rich
particles contained more surface carbon than the EGaln-rich
particles (Fig. 8). This indicated that hybridized C,oH,,
formed a substantially thicker dielectric layer on the surface of
the EGaln droplets. Interestingly, for the EGaln-only particles,
the C=0 peak among the PVA-derived C-O and C=O0 signals
was significantly reduced (Fig. 7a), which could be attributed to
the consumption of residual acetyl groups of PVA through
reactions with the metal surface. In contrast, for the hybrid
particles, the thick C,oH,, layer covering the EGaln surface was
presumed to suppress such reactions between the reactive PVA
functional groups and the EGaln surface (Fig. 7b and c). Related
to this, the Ga 2p narrow-scan spectra (Fig. 7d—e) showed that,

60 -

F e

N
o
1

as the C,oH,, content increased, the surface Ga oxide (Ga(u))
decreased while the metallic Ga (Ga(0)) increased, suggesting
that the C,oH,, covering partially mitigated surface oxidation.
Collectively, the hybridized C,,H,, forms a thick dielectric layer
on the EGaln droplet surfaces, which does not undergo bulk
chemical reactions but rather mitigates potential reactions of
the EGaln surface with other materials.

Fig. 9 shows the relative reflectance of surfaces coated with the
hybrid particles measured across the UV-visible-NIR wavelength
range (250-2500 nm), corresponding to the solar spectrum. As
the C,oH,, content in the hybrid composition increased, the
direct surface reflectance decreased systematically across the
entire wavelength range, indicating that a higher C,,H,, content
led to greater absorption of incident electromagnetic radiation.
The broadband decrease in reflectance is most reasonably
understood as the collective result of several mutually coupled
effects.> First, the paraffin layer encapsulating the metallic
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Fig. 9 Relative reflectance of broadband light (250-2500 nm) by the hybrid-coated surfaces with various Ealn: CygH4, volume ratios. The
dotted black line corresponds to the surface coated with CygH4z-only (0:10) particles. The yellow shading represents the AM 1.5G solar

spectrum.
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droplets establishes a metal-dielectric-air optical boundary that
suppresses specular reflection and enhances near-field coupling.
This dielectric interface increases the local optical path length
and facilitates photon-metal interaction, improving energy
dissipation through plasmonic thermalization.® Second,
pronounced micro-meso-scale surface roughness, as revealed for
paraffin-rich hybrids in SEM and optical micrographs, may
disrupt mirror-like reflection and induce multiple internal
bounces before re-emission. Such texturing is known to increase
effective absorption even when the dielectric itself is only weakly
absorbing, owing to geometric light-trapping effects.> Finally, at
high paraffin loadings, spatially separated EGaln domains
embedded in semi-transparent wax likely promote interparticle
scattering and reabsorption, further extending the photon resi-
dence time within the composite. Notably, when surfaces were
coated with C,oHgy-only particles and their reflectance was
measured (Fig. 9), C,oH,, exhibited very high reflectance in the
UV-visible region. Nevertheless, increasing its fraction within the
hybrid particles led to a more pronounced reduction of reflec-
tance (or equivalently, stronger absorption) in the UV-visible
region than in the infrared region. This trend supports the
interpretation that the wax domains located on and between the
LM droplets induce multiple scattering of incident light, partic-
ularly at shorter wavelengths, thereby effectively suppressing
direct reflection and promoting diffuse reabsorption within the
hybrid particle assemblies. Although these effects are difficult to
deconvolute quantitatively within the present study, their
combined influence provides a consistent physical picture for the
experimentally observed reduction in broadband reflectance and
the accompanying enhancement in photothermal heating.
Ultimately, a significant reduction in the proportion of the
costly and heavy photothermal agent EGaln led to a higher
temperature rise effect when hybridized with C,oH,,. Together
with the latent heat effects discussed earlier, it can be concluded
that increasing the C,oH,, proportion in the EGaln-C,oH,, hybrid
particles for solar-to-thermal conversion systems could lead to
both greater sensible heat effects and enhanced latent heat utili-
zation, featuring the unique potential of the proposed blending
approach for EGaln-mediated solar energy harvesting. As a final
technical note, we would like to clarify that the hybrids presented
in this study were designed as model systems for fundamental
investigation of thermal effects, rather than as ready-to-use
materials. For more practical applications, the hybrids should
be appropriately encapsulated to prevent leakage of liquefied
Cyo0Hy, during operation. This can be readily achieved by
dispersing the hybrid particles as “fillers” within suitable base
polymer matrices tailored to specific applications such as solar
water harvesting®”*' or passive thermal management.** The poly-
mer matrices employed for this purpose should ideally possess
minimal porosity to securely retain the liquefied C,oH,,, while
exhibiting low reflectance toward broadband solar light so that the
embedded hybrids can effectively absorb incident radiation.

Conclusion

In this study, we reported the enhanced photothermal conversion
efficiency of LM EGaln under broadband solar irradiation when

This journal is © The Royal Society of Chemistry 2026
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hybridized with the paraffin wax C,oHy,. On its own, CyoHy,
exhibited low solar absorption and did not contribute to photo-
thermal conversion. Moreover, as a chemically stable compound,
C,oH,, did not react with EGaln to form new bulk compounds.
When blended with EGaln to form a precursor mixture, which was
then dispersed as colloidal particles, C,oH,, was either encapsu-
lated within the resulting EGaln droplets or covered their exteriors.
The latter formed a thick dielectric layer and significantly lowered
the direct reflectance of the EGaln surfaces over a broad wave-
length range, thereby markedly enhancing photothermal heating
effects under simulated solar irradiation. Under simulated
sunlight at an intensity of 1 SUN for 20 minutes, the final AT of
a surface coated with pure EGaln droplets was only ~7 °C, whereas
that of an EGaIn-C,oH,, hybrid with a EGaln : C,oH,, volume ratio
of 2: 8 reached 19.9 °C. The calculated photothermal conversion
efficiency of 83.3% for the hybrid system falls within the range
reported for high-performance LM-based solar-to-thermal
conversion materials. Notably, this high efficiency was achieved
through a simple physical blending process, without any irre-
versible or complex chemical reactions or the incorporation of
strongly light-absorbing additives. When the hybrid-coated surface
was heated by sunlight or cooled by removing sunlight, tempera-
ture plateaus were observed within the range of approximately 33—
37 °C for several minutes. This phenomenon arose from the PCM
characteristics inherent to C,oH,,. CyoHy,, underwent solid-liquid
phase transitions within this temperature range, absorbing (when
transitioning from solid to liquid upon heating) or releasing (when
transitioning from liquid to solid upon cooling) latent heat.
Because chemical reactions between C,,H,, and EGaln, which
could potentially compromise this property, were unlikely to have
occurred, the hybrid materials exhibited latent heat storage and
release capacities consistent with theoretical values, depending on
the mixing ratios. As the volume fraction of C,oH,, in the hybrid
increased, its latent heat capacities also increased. For instance, in
the EGaln-rich composition of EGaln : C,0Hy, =7: 3, AH,, =15.2]
¢ "and AH, = 14.7 ] ¢, whereas in the C,oH,-rich composition
of EGaln: CyoHy, = 2:8, AHy, = 57.4] g * and AH. = 57.8] g~
Consequently, by significantly increasing the proportion of C,,Hy,
in the EGaIn-Cy,H,, hybrid, both the sensible heat effect (i.e.,
higher AT) and the latent heat utilization effect (i.e., higher AH,,
and AH,) can be enhanced. Notably, the former effect is somehow
paradoxical, given the significantly reduced proportion of EGaln-
the photothermal agent-in the hybrid composition. The current
study proposes a unique conceptual strategy for enhancing EGaln-
mediated solar energy harvesting, addressing both sensible and
latent heat effects, by employing non-reactive, non-solar-absorbing
paraffin-based PCMs-an approach that sets it apart from previous
studies.
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EGaln-Ga,0O; structures and the calculated PDOS in DFT
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emulsions after water evaporation; calculation methods for
work of adhesion and photothermal conversion efficiency. See
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