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A Tri-Mode Photothermal, Phase-Change, and
Radiative-Cooling Film for All-Day Thermoelectric

Generation

Mingtai Hou, Hao Chen, Song Li, Xinru Zhang, Jie Chen, Zeyi Jiang,* Cunhai Wang,*

Nien-Chu Lai,* and Yulong Ding

Solar-thermal-electric conversion shows great promise, especially in off-grid
aerospace and navigation. However, low output density and intermittency of so-
lar energy limit its application. Herein, a microencapsulated phase change ma-
terial (MPCMs) is designed with a n-Tetracosane core and TiO, /Ti,O; compos-
ite shell to address the above issue. The MPCM exhibits a latent heat of 144.5
) g, a photothermal conversion efficiency of 93.7% and 100% energy storage
capacity. The thermoelectric system resulting from coupling the multifunctional
film composed of polydimethylsiloxane and MPCMs with the thermoelectric
module is capable of successfully achieving adaptive 24 h uninterrupted power
generation on account of its functions of photothermal conversion, energy stor-
age, and radiative cooling. The output power density of the TES ranged from
6.1to0 21.1 W m~2 at light intensities of 1000-5000 W m~—2. The material design
innovatively endows a single material with the functions of photothermal
conversion, phase change energy storage, and radiative cooling, making it can

energy have emerged as the most press-
ing scientific and engineering challenges.
Converting renewable energy into electric-
ity has been a long-sought research goal
for scientists over the past century.[!! Ther-
moelectric generators (TEGs) directly trans-
form thermal energy into electrical en-
ergy by exploiting thermally excited car-
riers, and they are characterized by fuel-
free operation, no vibration, low cost, and
long service life.l?) The TEG technology
has received widespread attention in high-
tech domains like aerospace.’! Efficiently
converting the sunlight that bathes the
Earth into thermal energy is the most cost-
effective and environmentally friendly way
to utilize solar energy. In recent years, the

adaptively harvest energy from both the sun and cold space. This multifunc-
tional material offers new insights into the repeatable storage and high-quality
utilization of solar energy, holding significant scientific implications for the
development of all-day solar-thermal-electric power generation technology.

1. Introduction

In view of the environmental pollution and ecological disruption
resulting from the current excessive dependence on fossil energy,
the development and efficient utilization of renewable and clean

rapid advancement of photothermal conver-
sion (PTC), passive radiative cooling (RC)
technologies, and the adaptive switching be-
tween daytime PTC and night-time RC has
been realized, offering a significant refer-
ence for enhancing the efficiency and pro-
longing the service life of TEGs.[*] Never-
theless, due to the intermittent and low
energy density characteristics of solar radiation, achieving gen-
uine 24 h continuous power generation remains a challenge.
Microencapsulated phase change materials (MPCMs) com-
posed of organic PCMs as the core and high thermal conduc-
tivity and full-spectrum absorption materials as the shell are the
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Figure 1. Preparation and characterization of microcapsules. a) Schematic diagram for preparing the n-Tetracosane@TiO, /Ti, O3 composite microcap-
sules. b) XRD patterns of SP1-SP5. c) FTIR spectra of SPO-SP5. d,e) Morphologies of SP1 (The inset shows the particle size distribution of microcapsules).
f) Morphologies and EDX images of the crushed microcapsules. g) Morphologies of SP2. h) Morphologies and i) EDX images of SP4. j-I) TEM micro-

graphs of SP4.

ideal composite materials for achieving high energy density and
long-term reliability in PTC technology.l®! As a common shell ma-
terial featuring high encapsulation efficiency,l® TiO, has been
widely acknowledged as a material with great potential in night-
time RC applications in recent years, owing to its remarkable
thermal radiation performance in the atmospheric transparent
window region.l’! Unlike its stoichiometric oxide counterpart,
oxygen-vacancy non-stoichiometric TiO, , possesses a high den-
sity of free carriers and exhibits metal-like localized surface plas-
mon resonance (LSPR) properties, thereby demonstrating strong
full-spectrum absorption performance and rendering it an effi-
cient PTC material.l®! To date, no literature has reported on the
combination of defective TiO, , with a titanium-based shell as a
shell material for efficient photothermal MPCMs. This is primar-
ily due to the mismatch between the high-temperature conditions
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required for TiO,, preparation and the synthesis conditions of
MPCMs.

Herein, we report a meticulously designed full-spectrum
photothermal MPCM composed of n-Tetracosane encapsu-
lated in a TiO,/Ti,O; composite shell (designated as n-
Tetracosane@TiO, /Ti, ;). The innovation lies in the clever com-
bination of TiO, and Ti, O, through Ti—O—Ti bonds. This com-
posite shell design endows microcapsules with high encapsula-
tion efficiency, high photothermal conversion efficiency (PTCE),
and high emissivity. n-Tetracosane@TiO,/Ti,O; microcapsules
exhibited a latent heat of 144.5 ] g™! and a complete (100%) en-
ergy storage capacity. Owing to the strong LSPR effect of Ti,0;,
the PTCE of n-Tetracosane@TiO, /Ti,O, can reach as high as
93.7%. Benefiting from the abundant Ti—OH groups on the sur-
face of the oxide shell, we fabricate a composite film material by
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compounding the MPCMs with polydimethylsiloxane (PDMS).
The prepared composite thin-film material can operate in three
modes: photothermal, phase change storage and release, and ra-
diative cooling. It has an absorptivity of 93.91% within the solar
spectrum, and emissivities of 93.81% and 93.82% in the first and
second atmospheric windows, respectively.

The composite film is further integrated into a BiTe TEG for
24 h uninterrupted electricity generation. When exposed to an
illumination of 5000 W m~2, the composite film-integrated ther-
moelectric system (TES) can attain a maximum output voltage
(V,) of 749.1 mV. When the external illumination is removed,
the TES can still sustain discharge for more than 800 s by re-
leasing the stored thermal energy in the MPCM. At night, the
TES with the RC functionality is capable of continuously gener-
ating electricity under subambient temperature conditions. The
outdoor experimental outcomes in different cities indicate that
our TES exhibits universal and stable power generation capa-
bilities. During the daytime, the maximum temperature differ-
ence and power generation amount respectively reach 23.2 °C
and 164.3 mV; whereas at night, these two values are 3.5 °C and
18.9 mV, respectively, enabling all-day thermoelectric generation
through the synergistic integration of PTC, phase-change, and
RC effects. This research offers a new perspective for the de-
velopment and application of high-performance multi-functional
MPCMs.

2. Results and Discussion

2.1. Chemical Composition and Crystalline Structure of
Microcapsules

To achieve the desired morphology of core—shell MPCMs, we pre-
pared SP1 (n-Tetracosane@TiO,) employing an interfacial poly-
merization method.’*<°] The schematic diagram and reaction
mechanism of the synthesis process were illustrated in Figure 1a.
The presence of regular monodisperse droplets was verified via
an optical microscope, which indicated the successful emulsifi-
cation of the oil phase containing n-Tetracosane and tetrabutyl ti-
tanate (TBT) in formamide (Figure S1, Supporting Information).
A small quantity of water was introduced into the reaction solu-
tion to initiate the hydrolysis and polycondensation of TBT on
the surface of the emulsion droplets, ultimately forming a dense
amorphous shell of TiO, at the interface. Eventually, the sam-
ples were collected via filtration and drying. The SP2-SP5 mi-
crocapsules were fabricated by adding varying contents of Ti,O,
nanoparticles (NPs) to the synthesized SP1 sample. The chemical
structure of the MPCMs was characterized using X-ray diffrac-
tion (XRD) and Fourier Transform Infrared (FTIR) spectrometer
analysis (Figure 1b,c). In the MPCMs, apart from the characteris-
tic peaks of the n-Tetracosane at 26 angles less than 30 degrees, 1!
the diffraction peaks of Ti,O; crystals (PDF No. 71-1045) were
also detected. FTIR spectra revealed that the alkyl C—H stretching
vibrations corresponding to methyl and methylene groups ap-
peared at 2960, 2916, and 2845 cm™, respectively, and the bend-
ing vibrations occurred at 1472 and 719 cm™!, which are in accor-
dance with the characteristic bands of the organic PCM.[1*11] The
microstructure and elemental distribution of the MPCMs were
characterized employing scanning electron microscopy (SEM),
energy dispersive X-ray spectroscopy (EDX), and transmission
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electron microscopy (TEM) (Figure 1j-1). Figure 1d shows the
particle size distribution of the MPCMs, among which the ma-
jority range from 4 to 5 micrometers. Through elemental map-
ping analysis (Figure 1f,i; Figure S2, Supporting Information),
it was verified that the MPCMs possessed a core-shell structure
composed of an organic core and titanium oxide shell. The TEM
results indicated that the irregular nanoparticles on the surface
of the MPCM were Ti,O, (Figure S3, Supporting Information),
and Figure 1k indicating that the main exposed crystal plane
was the (110) facet. It is reasonable to infer that the abundant
Ti—OH groups on the surface of TiO, might be the main driv-
ing force for the adhesion of Ti,O; NPs onto the surface of the
MPCMs. The XPS survey-spectrum analysis of MPCM was car-
ried out and shown in Figure S4 (Supporting Information). The
high-resolution Ti 2p spectrum of SP1 exhibited pronounced sig-
nals at 458.4 and 464.3 eV, corresponding to 2p;;, and 2p;, of
Ti (IV), respectively.l'2] However, the high-resolution Ti 2p spec-
trum of SP4 could be deconvoluted into four peaks. Apart from
the two peaks associated with Ti (IV), the remaining two peaks
were located at 457.6 and 463.9 €V, corresponding to Ti (III).["]
The high-resolution O 1s XPS spectrum of SP4 displayed three
peaks at 529.6, 530.9, and 531.7 eV, which were respectively asso-
ciated with Ti—O (TiO,), Ti—O (Ti,0,) and —OH.['?] The afore-
mentioned characterization results verified that n-Tetracosane
has been successfully encapsulated within the TiO, shell, and
the shell surface was embedded with unevenly distributed Ti, O,
NPs.

2.2. Thermal Energy Storage and Photothermal Stability
Properties of Microcapsules

To investigate the thermal behavior of the pure n-Tetracosane
(SP0) and MPCMs (SP1-SP5), we employed differential scan-
ning calorimetry (DSC) for analysis, and the results are shown
in Figures 2a and S5, and Table S1 (Supporting Information).
Compared with the SP1 sample with a latent heat of 187.9 ] g71,
the latent heat of the SP2—-SP5 samples gradually decreased to
136.7-169.9 ] g~ with the increase of the loading amount of
Ti, O, NPs. Utilizing Equations (1-3), we calculated the key pa-
rameters of the MPCMs, including encapsulation efficiency (E,,),
latent heat storage efficiency (E,), and energy storage capacity
(C.)- Among them, C,, is used to quantify the ratio of PCM in
microcapsules that can undergo reversible phase change and is
a crucial indicator for evaluating the heat storage efficiency of
microcapsules.[®*] Based on to the data in Table S1 (Support-
ing Information), the C_ for SP1-SP5 is ~#100%. This implies
that the C,; value is more closely related to the tight encapsula-
tion of the TiO, shell rather than being affected by the addition of
Ti, O, particles. Experimental results show that the modification
of photothermal materials on the surface of the shell material has
a negligible effect on the reversibility of the PCM core. The DTG
curve indicated that the maximum thermal degradation tempera-
ture (T,.,) of the MPCMs was ~290 °C, significantly higher than
that of SPO (Figure 2b). Evidently, the core-shell structure effec-
tively protects the PCM core from thermal decomposition. This
not only verifies that the prepared MPCMs possess outstanding
thermal stability but also indicates that they have considerable
heat storage capacity.
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Figure 2. Thermal energy storage and photothermal stability properties. a) Phase change enthalpies of n-Tetracosane (SP0) and MPCMs (SP1-SP5). b)
TGA and DTG thermograms of SPO-SP5. c) IR images and temperature distribution curves of SP0 and SP4 during heating and cooling processes. The
plateaus in the temperature curves indicate the phase change stages of n-Tetracosane. d) Multicycle DSC diagrams of SP4. e) Thermal conductivity of
SPO, SP1, and SP4. f) Optical images and UV-vis—NIR absorption spectra of Ti, O3, SP0, SP1, and SP4. g) The temperature-time curves of SPO, SP1, and

SP4. h) Temperature curves of SP4 during fifty lighting-cooling cycles.

To explore the thermal regulation and leakage behavior of the
MPCMs, 0.3 g of SPO and SP4 were compressed into discs with
a diameter of 1.5 cm and a thickness of 3 mm and subjected to
testing on a ceramic heating plate (Figure S6a, Supporting In-
formation). The outcomes revealed that the SP0 disc completely
melted after 240 s of heating due to phase change, whereas the
SP4 disc maintained its shape throughout the heating process,
indicating no obvious leakage during heating. Furthermore, the
remarkable phase change heat storage performance of SP4 could
be visually observed through color alterations. The temperature-
time curve at the bottom of Figure 2c indicates a distinct tem-
perature plateau ~50 °C during the heating and cooling of SP4,
which was associated with the phase change characteristics of
the n-Tetracosane core. To assess the thermal reliability of SP4,
multiple DSC cycling experiments were carried out. The results
demonstrated that after 200 thermal cycles, the DSC curve of
SP4 displayed outstanding phase change reversibility and ther-
mal stability (Figure 2d), with the heat flow peaks, phase change
enthalpy, and temperature of each scan being nearly identical
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(Figures S6b, S7a, Supporting Information). To further validate
its structural stability, FTIR and SEM were employed to ana-
lyze the changes of SP4 before and after the thermal cycling
experiment (Figure S7b,c, Supporting Information). The results
showed that the functional groups and morphology of SP4 were
highly coincident before and after the thermal cycling, indicat-
ing that its chemical structure and morphology remained essen-
tially unchanged. In Figure 2e, the thermal conductivity of SP1
amounted to 0.311 W m~! K-, which was 127.0% higher than
that of SPO at 0.137 W m~! K~!. When the loading amount of
Ti, 0, is 5%, the thermal conductivity of the SP4 sample attained
0.509 W m~! K1, representing an increase of 271.5% compared
to SPO.

The UV-vis—NIR spectroscopy was employed to determine the
absorbance of the MPCMs and assess their PTC performance
(Figure 2f-h; Figure S8, Supporting Information). We recorded
its reflectance (p), transmittance (z), and calculated its emissiv-
ity (¢) for each sample using Equation (4). According to Kirch-
hoff’s radiation law, the spectral emissivity is equal to the spectral
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absorptivity in thermodynamic equilibrium.!">) Owing to the out-
standing light absorption characteristics of Ti,O; NPs, the com-
posite MPCMs exhibited strong absorption capability across the
entire spectral range. The PTC and heat storage performance of
MPCMs were evaluated through a self-built PTC system (Figure
S8b, Supporting Information). Under illumination conditions,
all the SP2—SP5 microcapsules exhibited excellent photothermal
properties (Figure 2g; Figure S8c, Supporting Information). In
contrast to the SP0 and SP1 control samples, the SP2-SP5 micro-
capsules showed a more rapid temperature rise under light illu-
mination. During the processes of both light irradiation and cool-
ing, all samples demonstrated latent heat plateaus contributed
by the phase transition of n-Tetracosane. Based on the charac-
teristics of the phase transition plateaus, the PTCE (y) of the
microcapsules could be calculated via Equation (5). The 5 val-
ues of the SP2 to SP5 samples were respectively from 74.2% to
95.6% (Table S2, Supporting Information). Compared to the pho-
tothermal MPCMs reported in the literature, SP4 exhibits highly
competitive PTCE (Table S3, Supporting Information). The out-
comes of 50 iterative cycles indicated that SP4 showed outstand-
ing photothermal reversibility and reliability (Figure 2h). The
time-temperature curve remained nearly invariant, and the peak
temperature fluctuation was controlled within +1.2 °C. The in-
frared thermography in Figure S9 (Supporting Information) pre-
sented the comparison of photothermal performance between
SP1 and SP4 under the identical illumination conditions. After
20 min, the surface temperature of SP4 ascended to 65.5 °C,
which was significantly higher than that of SP1 (41.6 °C). These
results further validated the superior PTC capacity of Ti,O,.

2.3. Preparation and Characterization of Composite Films

To make the n-Tetracosane@TiO,/Ti, O, microcapsules applica-
ble to a wider range of scenarios, we uniformly blended SP4 mi-
crocapsules with the PDMS precursor via hydrogen bonds by ex-
ploiting the abundant Ti—OH groups on their surface, thereby
preparing a tri-mode film (i.e., TMF@SP4) capable of operating
in three modes: photothermal conversion, phase change energy
storage, and radiative cooling. PDMS is a transparent polymer
that is extensively used in the domain of film materials due to
its high resistance to UV degradation and chemical inertness to-
ward water and oxidants.['®] The detailed preparation procedure
of TME@SP4 is illustrated in Figure S10 (Supporting Informa-
tion). As illustrated in Figure 3a, TMF@SP4-2, which contains
60 wt.% SP4 microcapsules exhibited a black and opaque ap-
pearance compared to pure PDMS films. X-ray diffraction to-
pography analysis revealed a dense arrangement of microcap-
sules in the bottom layer of the film, likely attributed to density
differences during the film formation process (Figure 3b). This
dense packing of photothermal microcapsules facilitates the es-
tablishment of effective thermal conduction pathways within the
film material. Moreover, the film achieved dual encapsulation of
PCMs, effectively mitigating leakage and corrosion, thereby ex-
panding the application of PCMs in wearable devices and ther-
mal management. Owing to its excellent flexibility, TMF @ SP4-
2 can be bent and rolled into various shapes (Figure 3c). SEM
and EDX images demonstrated the microcapsules and elemen-
tal distribution on the top surface and cross-section of the com-

Adv. Mater. 2025, 37, 2505601

2505601 (5 of 11)

www.advmat.de

posite film. The SEM images indicated that the top surface of the
film was primarily composed of PDMS, exhibiting a porous struc-
ture. EDX results reveal the dispersion of microcapsules within
the porous structure (Figure 3d; Figure S11, Supporting Informa-
tion). Figure 3e shows that the FTIR spectrum of TMF @ SP4-2 ex-
hibits peaks at 2924 and 2852 cm™!, corresponding to the stretch-
ing vibrations of —CH, and —CH, in SPO, respectively, while
the peak at 1084 cm™! is attributed to the asymmetric stretch-
ing vibration of Si—O—Si. The peak at 1084 cm™! is ascribed to
the asymmetric stretching vibration of Si—O—Si. Notably, the hy-
droxyl peak of SP4 originally observable in the range of 3745-
3060 cm™! has vanished in the FTIR spectrum of the composite
film. This phenomenon could be attributed to the formation of
hydrogen bonds between the Ti—OH groups on the surface of
SP4 and the Si—OH groups in the PDMS precursor. The forma-
tion of such hydrogen bonds not only effectively reduces the inter-
facial thermal resistance but also facilitates heat transfer within
the composite film.l'”] The thermal conductivity tests in Figure
S12 (Supporting Information) showed that the thermal trans-
fer performance of TMF@SP4-2 is significantly enhanced after
the introduction of SP4, with a thermal conductivity of 0.344 W
m~' K-, which is 67.1% higher than that of pure PDMS film
(0.206 W m~"' K7'). To further clarify the interaction between
PDMS and MPCM, XPS was used to characterize the elemen-
tal composition and electronic state of TMF@ SP4-2 (Figure S13,
Supporting Information). In contrast to the prominent hydroxyl
signal in the SP4 powders (cf: Figure S4c, Supporting Informa-
tion), the existence of hydroxyl groups was not detectable in the
high-resolution O 1s spectrum of TMF@SP4-2. Instead, a dis-
tinct peak was observed at 532.3 eV, which was attributed to the
formation of Si—O—Ti bonds.!'8] The thermal storage capacity of
TMF @SP4 was also analyzed by DSC (Figure 3f; Figure S14, Sup-
porting Information). The results indicated that the crystalliza-
tion temperatures of the composite films with different MPCM
mass fractions (40-80%) ranged from 30 to 50 °C, the melting
temperatures were between 50 and 65 °C, and the enthalpy values
were in the range of 104.3-45.6 ] g~'. Through heating-cooling
tests, the temperature-time curves clearly showed a temperature
plateau ~50 °C for the TMF@SP4-2 film, corresponding to the
phase transition process of n-Tetracosane (Figure S15, Support-
ing Information). To further quantify the leakage of the PCM,
the TMF@SP4-2 film was placed on a hot plate above the phase
change temperature with a 500 g weight applied and underwent
10 heating-cooling cycles. Benefiting from the dual encapsula-
tion, the mass loss of the TMF @ SP4-2 film was less than 0.1% af-
ter 10 cycles (Figure S16, Supporting Information). Furthermore,
TMF@SP4-2 also exhibited intense absorption over the entire
spectral range and demonstrated outstanding PTC performance
(Figures S17, S18, Supporting Information). TMF@SP4-2 was
subjected to fifty repetitive photo-thermal cycles (Figure 3g), and
its photothermal performance was tested after bending fifty times
to confirm the mechanical stability (Figure 3h). Figure 3i shows
the infrared thermal imaging of the “USTB” pattern tailored from
the TMF @SP4 film under one sun irradiation. The combination
of MPCM and PDMS enables outstanding mechanical properties
of the composite film material (Figures S19, $20, Supporting In-
formation). The elongation at break of TMF@SP4-2 is 143.3%,
surpassing that of the pure PDMS film (105.6%). We attribute
the enhancement in mechanical properties primarily to the
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Figure 3. Comprehensive properties of the tri-mode photothermal, phase-change, and radiative-cooling films. a) Optical images of PDMS and
TMF@SP4-2. b) 3D reconstructed tomography of TMF@SP4-2. c) Photographs of the TMF@SP4-2 film with different shapes. d) SEM and EDX images
of TMF@SP4-2. e) FTIR spectra of SPO, SP4, and TMF@SP4-2. f) DSC heating and cooling thermograms of TMF@MPCM. g) Multicycle photothermal
diagrams of TMF@SP4-2. h) Photothermal performance of TMF@SP4-2 before and after 50 bending tests. i) IR images of the cut USTB pattern with

TMF@SP4-2 under one sun illumination.

formation of interface Si—O—Ti bonds between the PDMS ma-
trix and TiO,-based microcapsules, which can be confirmed by
high-resolution O 1s XPS spectra (cf. Figure S13, Supporting In-
formation). The chemical bonding at the interface optimizes the
stress transfer pathway between the soft matrix and hard filler,
significantly improving the mechanical properties of the film.[*"]
Such remarkable flexibility renders TMF @ SP4-2 highly prospec-
tive for applications in fields such as wearable smart temperature
control, high-voltage cables, and photothermal electricity.

2.4. Indoor Characterization of Solar-Thermal-Electric Conversion
Performance
Based on the principle of the Seebeck effect, TEGs are capable of

directly converting thermal energy into electrical energy, and the
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voltage delivered by the TEGs depends on the temperature dif-
ference (AT =T, — T.q) between the hot and cold ends.[2¢#/20]
As shown in Figures 4a and S21 (Supporting Information), the
TMF@SP4-2 composite film was adhered to the hot end of the
TEG with thermal conductive silicon, while the heat dissipation
aluminum fin was bonded to the cold end to constitute a TES. Un-
der the irradiation of the xenon lamp, the composite film elevated
the temperature of the hot end of the TES, while the aluminum
fins maintained the cold end at room temperature, thereby gen-
erating a temperature difference on the TES and yielding output
electrical energy. In order to provide a more stable V, and further
enhance the temperature difference, the heat sink was placed in
water at a constant temperature of 26 °C. Figure 4b,c, and Figure
S22 (Supporting Information) demonstrated the maximum V,
current and power density of the TES under various cold-end en-
vironments and different light intensities. Figure 4d—{f illustrates
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Figure 4. Photothermoelectric conversion properties of composite films. a) Schematic of the TES. b) Maximum output voltage and c) output power
histograms of TES under light intensities of 1000, 3000, and 5000 W m~2. d) Temperature (node 1)-time curves, e) Voltage-time, and f) Current-time
curves of the TES under light intensities of 5000 W m~2. g) Use the TES to power the lamp and the LED light. h) Ten voltage-time cycling curves of the

TES under light intensity of 5000 W m~2.

the temperature-time curve of the hot end (node 1), the voltage-
time and current-time curves of the TES under a light intensity
of 5000 W m~2. Figure S23 (Supporting Information) shows the
time-temperature curves of the cold end (node 2) in two distinct
heat dissipation environments under the identical light intensity.
In contrast to the circumstance where the cold end was placed in
constant-temperature water, when the cold end was exposed to
air, the temperature of the hot end of the TES was higher, but
the maximum V, was lower. This is attributed to the fact that
under the air heat dissipation condition, the AT of the TES was
smaller, and the temperature fluctuation was greater, giving rise
to a more significant fluctuation in the output current (Figure 4f).
When the cold end was placed in constant-temperature water, the
maximum V,, current, power, and power density of the TES at-
tained 749.1mV, 84.2 mA, 63.1 mW, and 21.1 W m~2, respectively
(Figure 4b,c; Figure S22, Supporting Information). Upon cessa-
tion of xenon lamp illumination, the V, of the TES promptly de-
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clined due to the reduction in the hot end temperature. When
the hot end temperature descended to the solidification temper-
ature, the PCM initiated the release of the stored heat, thereby
enabling the TES to continue providing voltage and current for a
certain period. By releasing the thermal energy stored in the PCM
to sustain the hot end temperature, the TES could still maintain
discharge for over 800 s. We connected the TES as a power sup-
ply to the light-emitting diode (LED) spelling out “USTB” and a
small light bulb (Figure 4g). The experimental results indicated
that the electrical energy produced by the TES could success-
fully light up the LED. Furthermore, for the photothermal-electric
cyclic performance of TMF@ SP4-2, we conducted a continuous
335 min light-on/off test (Figure 4h) to evaluate its sustained
photothermal-to-thermoelectric effect. Specifically, under light
intensities of 1000 W m~2 (Figure S24, Supporting Information)
and 3000 W m~? (Figure S25, Supporting Information), the TES
also exhibited stable electrical energy output. The TMF@ SP4-2
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Figure 5. Radiative cooling and solar-thermal-electric conversion properties of TES. a) The TMF@SP4-2 films from the UV to the mid-infrared wave-
length. The colorful shadow indicates the solar irradiance of AM 1.5, while the blue shadow indicates the atmospheric transmittance. b) The self-made
photothermal-electric device. ¢) Diagram of the working mechanism of the multifunctional composite film. d) Schematic diagram of the working princi-
ple of the TES. e) Field measurements of TES in continuous uninterrupted operation in Xining, China. f) Performance comparison of the TES for energy
collection from the sun (SA) and cold space (RC). Ishii et al.,[2'] Xia et al.,[??] Mu et al.,[?3] Chen et al.,[2*] Xia et al.,[%] Zhang et al.,[26] Liao et al.[?] and

this work.

endows the TES with an extremely competitive output power den-
sity and enables it to continuously and stably output power even
in the absence of light conditions (Figure S26 and Table S4, Sup-
porting Information).

2.5. Outdoor Performance of Radiative Cooling Coupled with
Solar Thermal Power Generation

Although the TES has been demonstrated to offer efficient and
stable power output, it’s still unable to satisfy the demands of
long-term consecutive application. Radiative cooling (RC), as an
emerging passive cooling approach, is currently regarded as the
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most effective means of generating temperature differences at
night. To assess the RC performance of the composite film un-
der actual environmental circumstances, we conducted tests on
the absorptivity and emissivity of the TMF @ SP4-2 film through-
out the entire spectral range. As shown in Figure 5a, the thin-
film material attained an average absorptivity of 93.91% within
the solar spectral range of 0.25 to 2.5 pm. Furthermore, in the
first and second atmospheric windows (8-13 um), the average
emissivity of the film was 93.81% and 93.82%, respectively. This
property can be elucidated by the FTIR spectrum of TMF @ SP4-2
in Figure 3d. Specifically, the film exhibited three prominent ab-
sorption peaks within the wavenumber range of 800 to 1250 cm ™
(corresponding to 8-12.5 um), which were closely associated with
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the vibration modes of Si—O—Si and Si—CH; bonds. Owing to
the substantial coincidence of the energy range of these absorp-
tion peaks with the atmospheric windows, the film demonstrates
high emissivity within this wavelength range.l'®! The emissivity
spectrum analysis of TMF@ SP4-2 composite film demonstrated
significant overlap with the atmospheric transparency window
(8-13 pm) (Figure S27, Supporting Information). This overlap
indicated that TMF@SP4-2 effectively utilized the atmospheric
window for thermal radiation, achieving efficient passive radia-
tive cooling.

In light of the remarkable light absorption capacity of the
TMF @SP4-2 film within the solar spectrum and its high emissiv-
ity within the atmospheric window, our TES is expected to achieve
24 h uninterrupted electricity generation through PTC during the
day and RC at night. To this end, we designed and self-fabricated
a photothermal-electric device, in which the TES was placed in-
side a box filled with polystyrene foam and sealed with a high-
transparency low-density polyethylene (LDPE) film on the top as
a transparent window to minimize non-radiative convective and
conductive heat exchange between the TES and the surrounding
environment (Figure 5b; Figure S28, Supporting Information).
The entire testing system was monitored in real-time in outdoor
environments across multiple cities with distinct climatic char-
acteristics (Table S5, Supporting Information). Figure 5¢c demon-
strates the energy conversion mechanism of the composite film,
while Figure 5d shows its all-day TES operational principle. The
TES device generates electricity based on three temperature dif-
ference mechanisms: during the day when sunlight is abundant,
the composite film operates in PTC mode using microcapsules to
efficiently convert solar energy into thermal energy and achieves
phase change heat storage; after the disappearance of light, the
film’s temperature drops to the solidification temperature of the
PCM, releasing stored heat to maintain the temperature gradient
within the TES until the heat is exhausted; at night, the film oper-
ates in RC mode, cooling the TES end facing the sky to lower tem-
peratures than the other end, continuously generating a temper-
ature difference and producing output power. The multi-mode
functionality of the TES ensures uninterrupted power generation
throughout the 24 h of the day.

Figure S29 (Supporting Information) and Figure 5e displayed
the experimental validation results over four consecutive days in
Xining City, Qinghai Province, China (36.3°N, 101.7°E) (the hu-
midity data were shown in Figure S29, Supporting Information).
During the midday period (11:00-14:00), the peak solar irradi-
ance was #1200 W m~2, the relative humidity was ~30%, and the
average ambient temperature was ~29.3 °C. At this juncture, the
temperature at the hot end of the TES during the day could reach
a maximum of 68.2 °C, with a maximal temperature differential
0f 23.2 °C, corresponding to a V, of 164.3 mV. At night, owing to
the outstanding RC performance of the composite film, the TES
device can continue to generate temperature differences through
the RC mode. As shown at the bottom of Figure S29 and in Table
S6 (Supporting Information), the average maximum nighttime
temperature difference was ~3.1 °C, with a corresponding aver-
age output voltage of 9.2 mV, and the highest recorded voltage
was 18.9 mV. These results indicate that the TES can maintain
thermoelectric output passively through RC even under zero so-
lar radiation. The IR thermal imaging inset in Figure 5e high-
lighted the RC effect of the composite film at night, while Figure
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S30 (Supporting Information) emphasized its PTC effect. To eval-
uate regional adaptability, we also conducted experiments in two
cities with distinct climatic conditions in China, Xi’an and Bei-
jing (Figures S31, S32 and Tables S5 and S6, Supporting Infor-
mation). Specifically, in Xi’an, the maximum daytime tempera-
ture of the composite film could reach 75.4 °C, and the max-
imum temperature difference and V, of the TES were 10.9 °C
and 149.8 mV, respectively. At night, the maximum temperature
difference was 2.5 °C, corresponding to a V of 12.1 mV. When
the TES was placed in Beijing, the maximum daytime tempera-
ture of the composite film could reach 63.1 °C, with a maximum
temperature differential of 12.3 °C and a corresponding V, of
152.8 mV. At night-time, the maximum temperature difference
was 3.2 °C, and the maximum V_ was 17.1 mV (see Table S6, Sup-
porting Information). Overall, all the continuous outdoor experi-
ments (Figures S29, S31, S32, Supporting Information) demon-
strated that our TES device could adaptively harvest energy from
both the sun and cold space, exhibiting superior stability and en-
vironmental adaptability compared to numerous reported TES
(Figure 5f; Table S7, Supporting Information). Table S8 (Support-
ing Information) summarizes the main characteristic parame-
ters of the SP4 microcapsules and TMF@SP4-2-integrated TES
to provide a comprehensive understanding of this work. To pro-
vide a valuable reference for potential engineering applications
of our TES, we evaluated the global distribution of the average
annual output power density of the TES at a standard solar irra-
diance (6.1 W m~2, 1 sun). As shown in Figure S33 (Supporting
Information), simulated predictions were made using real-time
meteorological data provided by Energyplus,[?®! including ambi-
ent temperature, cloud cover, wind speed, etc. The output power
density gradually decreased with the reduction of solar radiation
intensity from the equator toward the poles. In certain coastal
areas, highlands, and high-latitude regions, the output power is
relatively low due to increased cloud cover and reduced sunlight
exposure. Conversely, in several major desert regions such as the
Sahara Desert, Australian Desert, and North American Desert,
the output power is significantly higher due to low annual rain-
fall and prolonged periods of sunlight.

3. Conclusion

In summary, we designed and synthesized a type of microcap-
sule material for efficient photothermal conversion that featured
full-spectrum absorption, high emissivity, and high latent heat
storage density. Experimental results indicated that the micro-
capsules exhibited a latent heat of 144.5 ] g=! and a complete
(100%) energy storage capacity, the thermal conductivity was
271.5% higher than that of pure organic PCM, and it demon-
strated an outstanding PTCE of 93.7%. Additionally, after un-
dergoing 200 cycles of DSC and 50 cycles of PTC, the phase
change temperature and enthalpy of the microcapsules exhib-
ited scarcely any variation, which was primarily attributed to their
high encapsulation efficiency, ensuring no leakage of PCM dur-
ing the cycling process. Furthermore, we exploited the abun-
dant Ti—OH groups on the surface of the microcapsules to be
composited with PDMS, fabricating a multifunctional film ma-
terial. This film material can be integrated with thermoelec-
tric modules to constitute an adaptive TES capable of continu-
ously extracting energy from the sun and cold space for 24 h
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uninterruptedly. Under conditions where the light intensity
ranges from 1000 to 5000 W m~2 and a constant-temperature wa-
ter bath (initial temperature ~26 °C) is used as the heat sink, the
output power density of the TES device with TMF @ SP4-2 film as
the hot end ranged from 6.1 to 21.1 W m~2. Even in the absence
of illumination, the system can still generate electricity by releas-
ing the latent heat from the PCM. Through actual outdoor tests,
the system has successfully achieved 24 h continuous power gen-
eration in multiple cities. During the day, it can achieve a max-
imum temperature difference of 23.2 °C, and at night, 3.5 °C,
corresponding to the maximum V, of 164.3 and 18.9 mV, respec-
tively. The materials design in this work offers a novel approach
for the storage and reuse of solar energy and holds significant sci-
entific importance for the development of all-day thermoelectric
power generation technology.

4. Experimental Section

Materials and Reagents:  Analytical grade tetra butyl titanate (TBT) and
titanium (I11) oxide were supplied from Aladdin Chemical Company Ltd.,
Shanghai, China. n-Tetracosane with a high purity of 99% and sodium
dodecylbenzene sulfonate (SDBS) were purchased from Acros Organics
Company, USA. Formamide was purchased from Anhui Zesheng Tech-
nology Co., Ltd., China (Energy Chemical). Petroleum ether and anhy-
drous ethanol were procured from Sinopharm Chemical Reagent Co., Ltd.,
China. Sylgard 184 silicone elastomer (consisting of a base and a curing
agent at a weight ratio of 10:1), a common polydimethylsiloxane (PDMS)
prepolymer kit, was purchased from Dow Corning, which was used as
the matrix for preparing the composites. Hexyl hydride was purchased
from Alfa Aesar, USA. All reagents were used as received without further
purification.

Preparation of Microencapsulated Phase Change Materials: The prepa-
ration process and mechanism of solar-driven phase change microcap-
sules are shown in Figure 1a. In a typical synthesis, 3 g of n-Tetracosane is
placed in a flask and stirred at 65 °C until completely melted. Then, 3 mL
of TBT was added and mixed for 0.5 h. Subsequently, 60 mL of 0.03 m
SDBS formamide solution was added and stirred continuously for 3 h to
form a uniform and stable O/W emulsion. Next, 0.6 g of deionized wa-
ter was mixed with 20 mL of formamide solution, and this mixture was
added dropwise to the emulsion at the same stirring rate. Deionized water
induced the hydrolysis of TBT, and the titanium dioxide precursor under-
went interfacial condensation. Pre-milled Ti, O3 nanopowder dispersions
of 0.07, 0.03, 0.05, and 0.07 g were then added dropwise, and the mix-
ture was gently stirred at 65 °C for 4 h to form a solid TiO,/Ti,O; com-
posite shell. The collected black powder was dried in a vacuum oven at
40 °C for 48 h to obtain a series of composite microcapsules with different
Ti, O3 contents, designated SP2, SP3, SP4, and SP5, respectively. The mi-
crocapsules without Ti, O3 were designated SP1, and pure n-Tetracosane
was designated SPO.

Preparation of Tri-Mode Film Materials: The preparation process of the
tri-mode photothermal, phase-change, and radiative-cooling film is shown
in Figure S10 (Supporting Information). A typical procedure first involved
mixing a certain amount of PDMS with a curing agent (in a 10:1 ratio), fol-
lowed by the addition of 30 mL of n-Hexane for dispersion. Subsequently,
SP4 microcapsules of different mass fractions were added and uniformly
stirred for complete mixing. The resulting mixture was transferred into a
custom-made polytetrafluoroethylene mold and cured at 60 °C in a dry-
ing oven for 4 h, yielding PDMS-based composite films. When the mass
fractions of SP4 were 40%, 60%, and 80%, the resulting series of com-
posite films were labeled as TMF@SP4-1, TMF@SP4-2, and TMF@SP4-
3, respectively. Additionally, a pure PDMS film without microcapsules was
prepared as the control sample.

Solar-Thermal Energy Conversion Measurement of Microcapsules: The
schematic of the photothermal test system is shown in Figure S8b (Sup-
porting Information). A PLS-SXE300C xenon lamp equipped with a stan-
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dard AM1.5 G optical filter was used as a simulated solar light source in
a homemade thermal barrier, and the light intensity was calibrated by a
PL-MW2000 optical power meter. The prepared MPCMs were individu-
ally pressed into thin slices (Diameter: 15 mm, Height: 2 mm) and ex-
posed to a simulated xenon lamp with a light intensity of 1000 W m~2.
Time-temperature data were recorded in real time using a data collector
(OMEGA), and the surface temperatures of the samples were measured by
T-type thermocouples with a measurement accuracy of +1 °C (0-350 °C)
and a data acquisition interval of 0.05 s. An infrared image was captured
using a FLIR A615 infrared camera to visualize the temperature change of
the MPCM during the photothermal conversion process. The photother-
mal conversion efficiency of the samples could be calculated by dividing
the latent heat of the MPCM by the photothermal energy according to
Equation 5.

Solar-Thermal-Electric Energy Conversion Measurements: The TES con-
sisted of a computer, a power supply, a T-type thermocouple, a data col-
lector, a weather station, and a thermoelectric test module. The schematic
diagram of the indoor experimental setup is shown in Figure S21 (Sup-
porting Information), while the outdoor experimental setup is illustrated
in Figure S28 (Supporting Information). The TES test module included
a temperature difference generator plate and heat-dissipating aluminum
fins. The temperature difference power generator and the TMF@SP4-2
film, each measuring ~55 x 55 mm?, were bonded to the heat source side
of the power generator plate using QM850 thermally conductive silicone
grease. The cold-source side of the plate was attached to the aluminum
fins with the same silicone grease. The aluminum fins were placed in two
different heat dissipation environments: ambient air, water at an initial
temperature of 26 °C. The TES generator was then exposed to simulated
xenon lamps with light intensities of 1000, 3000, and 5000 W m~2, respec-
tively. To characterize the temperature variations of the TMF@SP4-2 film
during TES conversion and cooling, a T-type thermocouple was inserted
at the bottom of the sample, and temperatures were recorded every 0.05
s using a data collector. The V, and current of the TES were measured in
real time with a multimeter. To visualize the output power, the TES was
connected to an external circuit to power an LED with USTB patterns and
light bulbs as analog loads. For the outdoor tests, the entire system was
moved outside to evaluate the photothermoelectric effect and radiative
cooling performance of the composite films in different geographical lo-
cations and climatic conditions, including Beijing, Xi’an, and Xining, China
(see Table S5, Supporting Information). Additionally, a weather station was
used to monitor local solar irradiance, wind speed, and relative humidity
in real time.

Calculations of thermal storage capacity, photothermal conversion effi-
ciency, and emissivity

AH
= —MPCM s 100% )

E
" AHp pem

AH +AH
£, = m,MPCM SMPCM . 100% @
AHppem + AHc pem

(AHm,MPCM + AHc,MPCM) - AHp pem
(AHm,PCM + AHc,PCM) - AHp mpem

X 100% 3)

Ces =

where AH, \ipcm and AHc ypcy denote the melting and crystallization
enthalpies of MPCM, respectively; AH_, ooy and AH pcy are the melting
and crystallization enthalpies of PCM, respectively.

e=1-p—-1 (4)

where m is the total mass of the sample, AH is the melting enthalpy is
measured by DSC, P is the light intensity of the xenon lamp, and S is the
illumination area of the sample. T, and T are the onset and termination
times of the phase change, respectively.
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The emissivity (¢) of the composite films was then calculated by using
the equation:

m X AH
n=

= MX2" 5 100% 5
PxSx (T —T.) % )

where (p) and (r)are the reflectance and transmittance, respectively.
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