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Abstract

Marine reactors and floating nuclear power plants face challenges in boiling heat
transfer within two-phase heat transfer systems due to wall temperature fluctu-
ations induced by oceanic motions. The pyroelectric effect generated by lithium
tantalate (LT), a pyroelectric material, in response to temperature variations
can influence the wettability of heat transfer surfaces, and its application to such
surfaces holds promise for improving heat transfer performance. This study
achieves controlled preparation of LT via the sol-gel method and investigates
the mechanism underlying the regulation of pyroelectric performance and wet-
tability through changes in hydroxyl radical content. The results demonstrate
that LT particle size increases with annealing temperature, while both increased
coating thickness and decreased particle size contribute to enhanced pyroelec-
tric performance. Fluorescence spectroscopy analysis reveals that the hydroxyl
radical content in LT increases during heating, concurrently confirming LT’s
capability to regulate hydroxyl radical content throughout heating and cooling
cycles. These findings indicate that LT coatings possess the ability to regulate
the wettability of heat transfer surfaces in two-phase variable-temperature heat
transfer systems.
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Abstract

[Background]: The operation of marine reactors and floating nuclear power
plants faces challenges from wall temperature fluctuations caused by oceanic
motion, which affect boiling heat transfer in two-phase systems. The pyroelec-
tric effect of lithium tantalate (LT), a material whose spontaneous polariza-
tion changes with temperature variations, can influence the wettability of heat
transfer surfaces, offering potential for performance improvement. [Purpose]:
This study aims to achieve controlled preparation of LT coatings via the sol-gel
method and investigate the mechanism of pyroelectric performance and wetta-
bility regulation through hydroxyl radical content variation. [Methods]: The
sol-gel method was employed for controlled synthesis of LT coatings, and the
pyroelectric effect and wettability modulation mechanism were studied by mon-
itoring hydroxyl radical content changes. [Results]: Results demonstrate that
LT particle size increases with annealing temperature, while increased coating
thickness and decreased particle size both enhance pyroelectric performance.
Fluorescence spectroscopy analysis reveals elevated hydroxyl radical content
during heating, confirming LT’s ability to regulate hydroxyl radical concentra-
tion through heating-cooling cycles. Conclusions: These findings indicate that
LT coatings possess the capability to regulate heat transfer surface wettability
in two-phase variable-temperature systems.

Keywords: Pyroelectric effect; Lithium tantalate; Sol-gel method;
Temperature-dependent wettability self-regulation

Introduction

The development and utilization of marine energy constitute a vital component
of global energy strategy. Marine reactors and floating nuclear power plants,
as key technologies for marine energy exploitation, face heightened safety re-
quirements and complex vapor-liquid phase behaviors during design and opera-
tion. In marine environments, two-phase heat transfer equipment must not only
withstand natural factors such as wind and waves but also cope with resulting
inclination and oscillation motions. These movements significantly affect bub-
ble aggregation, diffusion behavior, and temperature distribution near heating
walls, consequently influencing system heat transfer efficiency and safety. In
bubble aggregation regions, boiling crises can occur due to dry patch formation
or liquid film rupture at the bottom. In bubble diffusion regions, where coolant
remains in single-phase or subcooled boiling states, the heat transfer coefficient
(HTC) is lower than in saturated boiling. Therefore, enhancing HTC and safety
margins in two-phase heat transfer systems represents a current research prior-

ity.
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Surface wettability is a critical factor affecting near-wall boiling heat transfer.
Hydrophobic surfaces can nucleate at lower wall superheat, achieving higher
HTC at low heat flux through multiple nucleation sites. Hydrophilic surfaces
enhance liquid replenishment in dry regions, suppress wall nucleation, and limit
bubble accumulation, thereby increasing critical heat flux. In two-phase heat
transfer systems, boiling performance is largely governed by bubble behavior,
and the dynamic nature of boiling processes under oceanic motion creates vary-
ing demands for surface wettability, posing new requirements for surface modi-
fication technologies. Current surface modification methods only achieve static
or irreversible wettability transitions, making them ill-suited for such dynamic
scenarios.

Pyroelectric materials, which exhibit temperature-dependent spontaneous po-
larization changes, offer a novel approach for dynamic wettability regulation.
These materials can induce surface charge generation under temperature varia-
tions, subsequently producing hydrophilic hydroxyl radicals and hydrophobic su-
peroxide radicals in coolant that influence wettability. Leveraging this character-
istic, temperature-sensitive self-regulating wettability surfaces can be developed
to achieve spontaneous reversible wettability regulation under temperature fluc-
tuations in two-phase heat transfer systems, thereby enhancing HTC and safety
margins. Lithium tantalate (LiTaO4, LT), with its high pyroelectric coefficient,
high Curie temperature (650°C), and low relative permittivity, is considered an
ideal candidate for high-temperature heat transfer systems. Various techniques
exist for LT coating preparation, including radio frequency magnetron sputter-
ing, pulsed laser deposition, molecular beam epitaxy, metal-organic chemical
vapor deposition, and sol-gel methods. Among these, the sol-gel method offers
advantages of simple preparation, low cost, rapid film formation, and adjustable
elemental ratios, making it a promising approach for LT coating synthesis.

Despite these advantages, in-depth research on controlled preparation of LT
coatings via sol-gel methods and verification of pyroelectric materials in re-
versible wettability transitions remains lacking. This study addresses this gap
by successfully preparing LT coatings using the sol-gel method and conducting
detailed characterization of their structure and properties to confirm excellent
crystallinity and pyroelectric performance. Through precise control of sol-gel
parameters, controlled preparation of LT coatings was achieved, and their poten-
tial for temperature-sensitive wettability self-regulation was verified, providing
a new solution for enhancing heat transfer performance in two-phase systems.

1.1 Preparation Method of Lithium Tantalate Coatings

This study employed the sol-gel method to prepare LT coatings, with the en-
tire process comprising three main steps: LT sol preparation, spin-coating and
curing, and annealing, as illustrated in [Figure 1: see original paper].
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1.1.1 LT Sol Preparation

Anhydrous lithium acetate (CH;COOLi, 98%, Grat) and 1,2-propanediol
(C3HgO,, 98%, Grat) were first mixed at a molar ratio of 1:10 and heated in an
oil bath to 110°C with reflux heating for 3 hours at 10 rad/s magnetic stirring
until complete dissolution. The mixture was then cooled to 40°C, and butyric
acid (C,HgOy, $99.8{10}H{25}0_{5}Ta,98 {+}$ to Ta’" in the precursor
solution. The mixture was reheated in an oil bath to 130°C for 72 hours of
reflux heating. After reaction completion, the obtained colloidal solution was
left standing to promote full polycondensation between Ta’* and Li*, forming
stable Li-O-Ta bonds, ultimately yielding a 0.5 mol/L brownish-yellow LT sol.

1.1.2 Spin-Coating and Curing of LT Coatings

Titanium substrates (20 mm x 20 mm x 2 mm, Ti, $99.5{3}H{6}$0,
$99.5{3})CH{2}$0H, $ 99.8_{2}30, Inoke) for 25 minutes, followed by drying
to ensure contaminant-free surfaces. Before spin-coating, substrates were fixed
on a spin coater using a vacuum pump. The LT sol was uniformly applied, with
spin-coating conditions set at 500 rpm for 15 seconds (dispersion) and 3000
rpm for 60 seconds (spinning). Immediately after spin-coating, samples were
cured in a box furnace at 120°C. These spin-coating and curing steps could be
repeated to control coating thickness.

1.1.3 Annealing of LT Coatings

Cured LT coatings were annealed in a tube furnace under atmospheric air pres-
sure. The annealing process comprised three stages: first, heating from room
temperature to 250°C and holding for 10 minutes to remove unreacted organics
and provide a clean surface for subsequent high-temperature reactions; second,
heating from 250°C to 450°C and holding for 10 minutes to decompose most
byproducts and ensure impurity-free coatings; finally, heating from 450°C to
different annealing temperatures (650°C or 700°C) and holding for 1 hour to
achieve complete crystallization. After annealing, samples were removed when
furnace temperature dropped below 30°C and stored under vacuum.

1.2 Structural Characterization Methods for Lithium Tan-
talate

To comprehensively understand the microstructural features of prepared LT
coatings, this study employed a JSM-7800F ultra-high resolution thermal
field emission scanning electron microscope (SEM) and a Navigator-100
high-throughput SEM at Shanghai Jiao Tong University Analysis Center for
surface morphology characterization. Phase composition, a key determinant
of physical properties, was analyzed using X-ray diffraction (XRD) with a
D8 ADVANCE Da Vinci multifunctional X-ray diffractometer. This mature
phase analysis technique provides detailed information on crystal structure,
interplanar spacing, and crystal orientation. Analysis of obtained diffraction
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patterns enables identification of dominant crystal phases and assessment of
crystallinity. These characterization steps provide both surface morphology
information and in-depth understanding of phase composition and crystal
structure, forming the basis for further pyroelectric performance analysis.

1.3 Pyroelectric Performance Characterization Methods

This study aimed to verify LT’s temperature-sensitive wettability self-regulation
capability, focusing on evaluating hydroxyl radicals generated during tempera-
ture changes. Pyroelectric material spontaneous polarization varies with temper-
ature, causing surface charge changes that react with hydroxide ions in water
to generate hydroxyl radicals, as shown in Equation (1). To detect hydroxyl
radical generation, terephthalic acid (TA) was selected as a probe molecule.
TA rapidly reacts with hydroxyl radicals through aromatic ring hydroxylation
to form highly fluorescent 2-hydroxyterephthalate ions (2-HTA), as shown in
Equation (2). The fluorescence intensity of this reaction product, measurable
via fluorescence spectroscopy, correlates positively with hydroxyl radical con-
centration.

Experiments utilized a temperature gradient created by two water baths at dif-
ferent temperatures. First, 10 ml of 1$x107{-3}$ mol - L~* TA solution was
heated to 50°C in a beaker. Meanwhile, LT samples were placed in another wa-
ter bath at a different temperature. The LT sample was then immersed in the
preheated TA solution for 2 minutes before rapid transfer to a 20°C water bath.
This thermal cycling was repeated five times to simulate practical temperature
variations. Immediately after cycling, the reacted solution was analyzed using
an FLS1000 fluorescence spectrometer at Shanghai Jiao Tong University Instru-
ment Analysis Center. With excitation wavelength set at 315 nm and emission
at 425 nm, the fluorescence intensity of 2-HTA was measured. Comparison
with a standard 2-HTA solution established a linear relationship between flu-
orescence intensity at 425 nm and 2-HTA concentration, as shown in Figure
2: see original paper. Figure 2: see original paper presents the standard curve
fitting results, correlating fluorescence intensity with apparent hydroxyl radical
concentration, enabling evaluation of LT coating pyroelectric performance and
wettability self-regulation potential.

2.1 Structural Characterization of Lithium Tantalate

The sol-gel method enables controlled preparation of LT, allowing regulation
of substrate, coating thickness, crystallinity, and particle size—all parameters
influencing pyroelectric performance.

2.1.1 Effects of Substrate and Thickness

Figure 3: see original paper shows LT coatings prepared on Ti substrates exhibit-
ing significant cracks and particle accumulation, substantially reducing coating
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quality. Crack formation is attributed to thermal expansion coefficient mis-
match between LT coatings and Ti substrates, causing stress accumulation dur-
ing high-temperature annealing. Particle accumulation results from impurity
incorporation during coating cracking. To address this, a platinum (Pt) inter-
layer was introduced between Ti and LT, creating Ti-Pt substrates. Figure 3:
see original paper demonstrates that Pt incorporation yields smooth, uniform
coating surfaces, significantly improving quality through better thermal expan-
sion coefficient matching and reduced interfacial stress.

In pyroelectric materials, pyroelectric potential is proportional to thickness,
while thinner materials are favored for faster response times and minimal im-
pact on surface thermal resistance and mechanical properties. Thus, trade-
offs between pyroelectric potential and thickness must be considered. Coating
thickness can be controlled by repeating spin-coating and curing steps. Cross-
sectional SEM images in Figure 3: see original paper and (d) show coatings after
different spin-coating cycles (3 and 6 times). Figure 3: see original paper re-
veals uniform banded material accumulation with a thickness of approximately
250 nm, confirming successful and controllable synthesis. Increasing cycles to 6
times increased thickness to approximately 450 nm, as shown in Figure 3: see
original paper, accompanied by more pronounced disordered stripe-like accumu-
lation, indicating cumulative morphological effects from repeated synthesis.

2.1.2 Effects of Preparation Parameters

This study systematically varied curing time, sol settling time, and annealing
temperature to investigate their effects on LT coating crystallinity, quality,
particle size, and pyroelectric performance, with specific parameters shown in
[Figure 4: see original paper|. SEM images of six LT coatings in Figure 4: see
original paper reveal significant surface morphology variations. Coatings in Fig-
ure 4: see original paper and (b) consist of fine, uniformly distributed particles,
indicating good uniformity and quality. In contrast, Figure 4: see original pa-
per shows larger irregular particles resulting from excessive grain growth during
annealing, with grain size increasing at 700°C compared to 650°C, demonstrat-
ing annealing temperature’s regulatory effect on grain growth. Figure 4: see
original paper, (e), and (f) exhibit obvious cracks and particle agglomeration—
clear coating defects. Excessive sol settling time may cause agglomeration due
to enhanced interparticle interactions, while overly short or long curing times
can induce internal stresses and cracking.

XRD patterns of the six coatings, compared with standard LiTaO; cards in
[Figure 5: see original paper]|, show diffraction peaks at 2 angles of 23.7°, 32.8°,
34.8°, 39°, 40.1°, 42.6°, 48.6°, 53.4°, and 54.8°, corresponding to LT crystal
planes (012), (104), (110), (006), (113), (202), (024), (116), and (211), con-
firming LT crystal presence. Comparison of XRD patterns with SEM images
reveals that annealing temperature, curing time, and sol settling time all affect
crystal structure and quality. Notably, the 650°C-annealed coating (b) shows
clearer diffraction peaks than the 700°C coating (c), indicating that 650°C an-
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nealing yields more ideal crystal structures, while higher temperatures may
cause excessive grain growth or structural damage. Curing time significantly af-
fects crystallinity and thermal stability—the 10-minute cured coating (d) shows
more regular surface morphology with fewer cracks and particle accumulations
compared to 15-minute and 20-minute coatings (e) and (f), suggesting excessive
curing time may cause surface damage and affect crystalline quality. Sol settling
time also markedly influences crystalline quality; the 24-hour settled coating (a)
exhibits superior crystallinity compared to 48-hour and 72-hour coatings, as ex-
cessive settling time leads to irregular gel precipitation and impurity formation,
compromising uniformity. Additionally, TiO, diffraction peaks detected in sur-
faces (b), (d), (e), and (f) likely result from Ti substrate surface cracking and
exposure at high temperatures, causing titanium-oxygen reactions. Future work
should optimize substrate treatment and high-temperature processing to avoid
undesirable side reactions.

Particle size effects on coating quality were further investigated by compar-
ing size distributions of coatings annealed at different temperatures (650°C and
700°C), as shown in [Figure 6: see original paper]. Results demonstrate that par-
ticle size increases with annealing temperature, rising from 22.64 nm at 650°C to
218.68 nm at 700°C. During final annealing stages, grain growth occurs due to
reduced grain boundary energy and atomic diffusion driving forces. Higher tem-
peratures activate atomic thermal motion, accelerating growth rates. However,
excessive grain growth adversely affects performance—larger particles reduce
coating porosity and may introduce grain boundary defects, compromising me-
chanical strength and thermal stability.

2.2 Pyroelectric Performance of Lithium Tantalate Coat-
ings

2.2.1 Pyroelectric Performance of LT Coatings with Different Thick-
nesses and Particle Sizes

As shown in Figure 7: see original paper, temperature change-induced pyro-
electric effects generate positive and negative surface charges. Positive charges
react with hydroxide ions in water to form hydrophilic hydroxyl radicals, while
negative charges react with dissolved oxygen to create hydrophobic superoxide
radicals. Without temperature variation, pyroelectric materials exhibit no spon-
taneous polarization, and thus no radicals are generated. Hydrophilic hydroxyl
radicals promote water spreading, enhancing surface hydrophilicity /wettability,
whereas hydrophobic superoxide radicals reduce water spreading, decreasing
wettability. Thus, regulating radical generation enables effective surface wetta-
bility control.

Based on these characteristics, performance verification experiments were con-
ducted on LT surfaces with different thicknesses and particle sizes, using LT
without temperature variation as a control group. Results in Figure 7: see orig-
inal paper show that all LT surfaces exhibit peaks at 425 nm under heating,
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indicating hydroxyl radical generation, while the control group shows none, con-
firming LT’s pyroelectric effect. Using the linear relationship from Figure 2: see
original paper, quantitative analysis reveals that the 450 nm-thick LT surface
produces 15.27% higher hydroxyl radical concentration than the 250 nm-thick
surface. For different particle sizes, the 22.64 nm LT surface shows a 12.47% in-
crease compared to the 218.68 nm surface. These results verify that LT coatings
generate more hydroxyl radicals during heating and reveal significant effects of
coating thickness and particle size—thicker coatings and smaller particles both
enhance pyroelectric performance and radical generation.

2.2.2 Enhancement Mechanism of Pyroelectric Effect

Sufficient potential is required for radical generation. Using the pyroelectric
equation [27] (Equation (3)), this study analyzed thickness effects. In the equa-
tion, U represents pyroelectric potential, AT temperature change, [ coating
thickness, p pyroelectric coefficient, and dielectric constant. Pyroelectric po-
tential correlates positively with thickness, enabling thicker coatings to generate
more hydroxyl radicals during heating.

At the nanoscale, reduced LT particle size increases specific surface area, en-
hancing synergistic effects among thermoelastic, dielectric, and piezoelectric ef-
fects that amplify pyroelectric response. Decreased surface atomic coordination
number intensifies spontaneous polarization in nanocrystals, increasing local
polarization [28]. Research shows both piezoelectric and pyroelectric potentials
increase with decreasing nanocrystal size or increasing shape factor. Equation
(4) illustrates how nanocrystal dielectric constant depends on size and shape,
where 45700 is the bulk value, S is solid-gas transition entropy, R is the ideal
gas constant, D is nanocrystal characteristic size, h is lattice constant, and A is
shape factor. This phenomenon ultimately yields greater pyroelectric potential
at smaller particle sizes, generating more hydroxyl radicals during heating. Fu-
ture optimization may involve fine-tuning material properties such as dielectric
constant, crystal structure, and thickness.

2.2.3 Verification of Pyroelectric Effect on Surface Wettability Regu-
lation

Figure 7: see original paper compares fluorescence spectra of TA solutions after
five heating-cooling cycles with LT coatings. Results show significantly higher
peaks at 425 nm in heated solutions versus cooled solutions, indicating hydroxyl
radical generation during heating and replacement by superoxide radicals dur-
ing cooling, reducing hydroxyl radical content by 7.50% compared to heated
solutions. This verifies that LT’s pyroelectric effect modulates hydroxyl and
superoxide radical concentrations under temperature variation, thereby chang-
ing surface wettability through temperature control and demonstrating LT’s
potential for temperature-sensitive wettability self-regulation.

chinarxiv.org/items/chinaxiv-202407.00017 Machine Translation


https://chinarxiv.org/items/chinaxiv-202407.00017

ChinaRxiv [$X]

Conclusions

This study successfully prepared LT coatings via the sol-gel method and sys-
tematically investigated effects of key process parameters on coating quality,
thickness, crystal structure, particle size, and pyroelectric performance. The
findings are summarized as follows:

1. Substrate selection significantly affects coating quality. Introducing Pt
as an interlayer substantially improved LT coating-Ti substrate interface
bonding and reduced stress accumulation from thermal expansion coeffi-
cient mismatch. Adjusting spin-coating cycles effectively controlled coat-
ing thickness, thereby influencing pyroelectric performance.

2. Preparation parameters regulate coating crystallinity, thickness, and par-
ticle size. Curing time, sol settling time, and annealing temperature are
critical for crystallinity. Optimal parameters were identified as 15 min-
utes curing, 24-hour sol settling, and 650°C annealing, yielding LT coat-
ings with optimal crystallinity and pyroelectric performance. Spin-coating
cycles control thickness, while L'T particle size increases with temperature.

3. Coating thickness and particle size significantly affect pyroelectric charac-
teristics. Increased thickness and decreased particle size enhance pyroelec-
tric performance. Fluorescence spectroscopy confirms increased hydroxyl
radical content during heating and validates LT coatings’ ability to regu-
late hydroxyl radical concentration through thermal cycles.

This study successfully produced high-crystallinity, high-performance pyroelec-
tric LT coatings with controlled preparation via sol-gel parameter optimiza-
tion, demonstrating temperature-sensitive wettability self-regulation capability.
These results provide preliminary exploration for large-scale production and
application of LT coatings in two-phase heat transfer systems, offering new
solutions for efficient marine energy utilization and green energy system trans-
formation.
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