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Abstract

Up-conversion nanoparticles (UCNPs) are materials that convert near-infrared (NIR) pho-
tons into ultraviolet (UV) or visible emissions. To enhance their optical properties, UCNPs
are often synthesized with oxide (Y,0O3) or fluoride (NaYF,) support matrices, useful for
energy storage applications. In this study, NaYF;-UCNPs were synthesized via coprecipita-
tion and heat-treated at 400 °C. Then, a tetraethyl orthosilicate (TEOS) film was synthesized
by the sol-gel technique at varying pH and temperatures from 25 °C to 80 °C. Characteri-
zation using scanning electron microscopy (SEM), X-ray diffraction (XRD), and confocal
microscopy (CM) confirmed the up-conversion properties. These materials show promise
for enhancing solar radiation density in polymer degradation.

Keywords: nanoparticles; up-conversion properties; solar concentration; polymers;
degradation process

1. Introduction

Nanoparticles (NPs) exhibit unique physicochemical properties, including tunable sur-
face chemistry, nanoscale size (1-1000 nm), controlled morphology, and shape-dependent
optical and electronic behaviors in which quantum phenomena such as confinement effects
are involved and play a significant role [1-5]. These characteristics make NPs essential in a
wide range of fields, including catalysis, sensing, biomedicine, environmental applications,
construction, and energy conversion [1-6].
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Generally, nanoparticle synthesis methods are classified into three main
approaches [7-9]. The physical approach, known as the top-down method, involves break-
ing down bulk materials into smaller particles. In contrast, the chemical and biological
approaches—collectively referred to as bottom-up methods—assemble nanoparticles from
atomic or molecular precursors [7-9]. Bottom-up strategies include the coprecipitation
method, sol-gel processes, green synthesis, electrospinning, and biochemical routes [7-9].

Specifically, the coprecipitation method is a synthesis process in which two or more
compounds (precursors) are precipitated simultaneously in a solvent [8,10,11]. Copre-
cipitation occurs as a result of supersaturation, during which the nucleation, growth,
and agglomeration of nanoparticles take place in a specific solution [8,10,11]. The most
critical step in coprecipitation is nucleation (particle formation), after which secondary
processes such as Ostwald ripening and aggregation occur [8,10,11]. These secondary
processes strongly influence the particle size, morphology, and overall properties of the
final nanoparticles [8,10,11]. Parameters such as the rate of reactant addition, pH, temper-
ature, and stirring conditions play key roles in determining the particle size distribution,
morphology, and structure of nanoparticles [8,10-12]. The sol-gel process involves two
main steps: hydrolysis (reaction with water) and condensation (polymerization and linkage
of molecules) of precursor compounds to form a solid network [13,14]. This method can be
conducted under acidic or basic conditions, which significantly influence the properties
of the final materials [13,14]. For sol-gel synthesis, tetraethyl orthosilicate (TEOS) is the
silicate precursor most commonly employed, while water and/or ethanol are typically
used as solvents [13,14]. The process begins with the formation of a sol, which is a colloidal
suspension of solid particles in a liquid. Finally, the sol is transformed into a gel, which is a
three-dimensional network [13,14].

In this context, up-conversion nanoparticles (UCNPs) are materials that convert low-
energy infrared photons into higher-energy visible or ultraviolet emissions [15,16]. This
process occurs via sequential absorption and energy transfer between doped lanthanide
ions (Eu, Tb, Tm) in a host lattice [15,16]. However, to optimize the performance of UCNPs,
they are often supported or coated with silica matrices derived from TEOS through sol-gel
process emissions (Figure 1) [15,16]. The combination of the optical advantages of UCNPs
with the chemical stability of silica not only enhances energy conversion efficiency but also
ensures the durability and stability of the UCNPs under operational conditions in solar
applications [15,16].
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Figure 1. Schematic representation of NaYF; up-conversion nanoparticles embedded in a TEOS film.
The red arrow indicates infrared radiation, the blue arrow indicates ultraviolet radiation, and the
green arrow indicates visible radiation.
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In this study, up-conversion nanoparticles (UCNDPs) were synthesized via coprecipita-
tion and heat-treated at 400 °C for 15 h and 17 h, respectively. Additionally, TEOS-based
sol—gel solutions were prepared at different pH values and deposited onto glass substrates
using the dip-coating technique, followed by thermal treatment at 450 °C. The results reveal
that UCNPs treated for 15 h exhibit more defined morphological features and stronger
emission peaks than those treated for 17 h. Moreover, TEOS films prepared at pH = 3
display a porous structure, while films at pH = 5 show an irregular, granular surface. These
findings emphasize the significance of optimizing treatment time and pH of medium for
controlling material properties and enhancing up-conversion luminescence. Finally, the
materials demonstrated high potential for use in solar concentration systems, offering a
promising approach for enhancing energy conversion efficiency.

2. Materials and Methods

Two sets of up-conversion nanoparticles (UCNPs) heat-treated for 15 and 17 h, re-
spectively, were synthesized via coprecipitation. In addition, TEOS films were prepared at
different pH values using the sol-gel method, as described below. The chemicals used in
this research are summarized in Table 1. All reagents were used as received without further
purification. Distilled water was deionized using a Barnstead Micropure water purification
system (Thermo Fisher Scientific Inc., Niederelbert, Germany).

Table 1. Chemical specifications.

Molecular Weight (Mw)

Chemicals Source and Country and Mass Fraction Purity CAS No
Sodium fluoride (NaF) Sigma-Aldrich; Bangalore; India. ~ Mw ~ 41.99 g mol~!; > 99.0% 7681-494
Ethylenediaminetetraacetic
acid J.T. Baker; Mexico City; Mexico. Mw ~ 37224 ¢ mol~1; > 99.99% 6381-92-6
(EDTA)

Tetraeth(y;Eo 5%;05111@& Sigma-Aldrich; Wuxi City; China.  Mw ~ 208.33 g mol~!; > 98.0% 78-10-14
Yttrium oxide (Y,03) Sigma-Aldrich; Wuxi; China. Mw ~ 22581 g mol~1; > 99.99% 1314-36-9
Thulium oxide (Tm,O3) Sigma-Aldrich; Urbana; USA. Mw ~ 385.87 g mol~1; > 99.99% 12036-44-1
Ytterbium oxide (Yb,O3) Sigma-Aldrich; Wuxi; China. Mw ~ 394.08 g mol~1; > 99.99% 1314-37-0

Hydrochloric acid (HC)
Distilled water (H,O)

Ethanol (Co,HsOH)

Herschi Trading; Mexico City; vy 3646 g mol™1; > 3650% % 7647-01-0

Mexico.
Isse Labs. S.A. de C.V.; Lopez “1.a
Mateos City; Mexico. Mw ~ 18.02 g mol™; 7732-18-5
D'Mik; Los Reyes Acaquilpan; —r0 4607 o mol~1; > 96.0% 64-17-5
Mexico.

2 Industrial grade.

2.1. Synthesis of Sodium Yttrium Fluoride (NaYF4) Nanoparticles and TEOS Films
2.1.1. Synthesis of NaYF,; Up-Conversion Nanoparticles

The formulation of NaYF, up-conversion nanoparticles is shown in Table 2. The
synthesis was carried out in four steps as shown in Figure 2: (1) Yttrium oxide (Y>03),
thulium oxide (Tmy0O3), and ytterbium oxide (Yb,O3) were each dissolved separately in
concentrated hydrochloric acid (HCI). (2) The rare-earth chloride solutions were then
added dropwise to an aqueous solution of sodium fluoride (NaF) under continuous stirring.
Subsequently, ethylenediaminetetraacetic acid (EDTA) dissolved in HCl was introduced as
a surfactant, and the mixture was maintained under constant stirring for 1 h at 25 °C. (3)
After the reaction, the obtained solutions were washed in an Eppendorf Centrifuge 800D
(Shanghai, China) for 10 min at 4000 RPM using deionized water and ethanol in triplicate,
and the supernatant was decanted. (4) Finally, two sets of up-conversion nanoparticles
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(UCNPs) were heat-treated in a Nabertherm Muffle Furnace (Lilienthal, Germany) at 400
°C for 15 h and 17 h under a nitrogen atmosphere.

Table 2. Formulation of NaYF, up-conversion nanoparticles.

Compounds Mass (g)

Yttrium oxide (Y,03) 0.3
Thulium oxide (Tm;O3) 0.015
Ytterbium oxide (Yb,O3) 0.1
Ethylenediaminetetraacetic acid (EDTA) 1.1
Hydrochloric acid (HCI) 8.0 0.3 34 10
Sodium fluoride (NaF) 1
Distilled water (H,O) 30

c [ttrium oxide 9 Rare earth

/ (Y203) chloride solutions

EDTA
HCI solution

& e

) NaF o
= Solution

Heating and magnetic
stirrer Heating and magnetic
stirrer
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Heating and magnetic 2 nd set of UCNPS: 17 h
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G

Heating and magnetic
stirrer

Muffle

Figure 2. Synthesis route of NaYF, up-conversion nanoparticles.

2.1.2. Synthesis of Tetraethyl Orthosilicate (TEOS) Films

The synthesis was carried out in three steps as shown in Figure 3. For step 1, three
different solutions containing tetraethyl orthosilicate (TEOS), deionized water (HO), and
ethanol (Co,H5OH) in a molar ratio of 1:4:15 were prepared and placed in round-bottom
flasks. The pH values of solutions were adjusted to 5 and 3 by adding concentrated
hydrochloric acid (HCI), and measured using a Conductronic PC45 pH meter (Puebla,
Mexico). The mixtures (TEOS/H,0O/C,H50H) were stirred using a Thermo Scientific
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25°C
70 °C
75 °C
80 °C

\

heating magnetic stirrer (Waltham, MA, United States) at 25, 70, 75, and 80 °C for 1 h. For
step 2, film preparation, glass substrates were cleaned and coated using the dip-coating

technique. Finally, during the step 3, the obtained films were subjected to thermal treatment
in a Nabertherm Muffle Furnace (Lilienthal, Germany) at 450 °C for 1 h.

TEOS
Water
Ethanol
HCI

—> —>

"N
o OO

450 °C

Heating and magnetic Film preparation

stirrer

(Dip-coating technique) Muftle

Figure 3. Synthesis route of tetraethyl orthosilicate (TEOS) films.

2.2. Characterization of (Sodium Yttrium Fluoride) NaYF, Nanoparticles and TEOS Films
2.2.1. Scanning Electron Microscopy (SEM)

The surface morphology and structure of NaYF,; up-conversion nanoparticles and
TEOS films were analyzed using a scanning electron microscope JEOL JSM 6400 (Tokyo,
Japan). Each sample was deposited on a separate sample holder without prior dilution.
NaYF, nanoparticles and TEOS films were coated with a thin gold layer using an SPI-
Module™ Sputter Coater (West Chester, PA, USA) for 2 s. SEM analyses were performed
under the following operating conditions: magnifications ranging from 100x to 35,000%, a
working distance (WD) of 7-10 mm, and an accelerating voltage of 10 kV.

2.2.2. X-Ray Diffraction (XRD)

The diffractograms of NaYF,; up-conversion nanoparticles were obtained by the X-ray
diffractometer from Rigaku model Miniflex 600 (Tokyo, Japan). The diffraction angle 26
was from 20 to 80°, the X-ray tube was made of Cu, the intensity was 15 mA, and the
voltage was 40 kV. The samples were analyzed in powder form at room temperature.

2.2.3. Multiphoton Confocal Microscopy (CM)

Confocal imaging of NaYF,; up-conversion nanoparticles (UCNPs) was performed
using a multiphoton confocal microscope LSM 710 NLO (Carl Zeiss, Jena, Germany)
equipped with a multiphoton laser operating in the range of 690-1090 nm. Excitation
wavelengths of 405, 488, 561, and 633 nm were used to record the up-conversion emission
signals. Prior to analysis, the powders were ground in a mortar to ensure homogeneity.
Approximately 0.1 g of each sample was placed directly onto a glass slide for measurement
without further treatment.

3. Preliminary Results

3.1. Characterization of NaYF, Up-Conversion Nanoparticles with Different Heat-Treatment Times
and TEOS Films Synthesized at Various pH Values and Temperatures

3.1.1. Scanning Electron Microscopy (SEM) of NaYF,; Up-Conversion Nanoparticles

Figure 4 shows the SEM images of two sets of NaYF; nanoparticles heat-treated for
different times: (a) 15 h and (b) 17 h. In Figure 4a, the particles exhibit a partially spherical
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morphology, irregular surfaces, and a small size. In contrast, the nanoparticles treated for
17 h presented irregular surfaces and increased agglomeration, as shown in Figure 4b. This
behavior is due to Ostwald ripening and phase transformation [8,17]. This process is a
common phenomenon in nanocrystal synthesis and depends on several factors such as
temperature, reaction time, and initial precursor materials [8,17].

L SERE k.
10.0kvV  X35000 WD 11.6mm 100nm

ESIQIE SEI 10.0kV  X35,000 WD 11.5mm 100nm ESIQIE SEI

Figure 4. SEM images of NaYF, up-conversion nanoparticles heat-treated for (a) 15 h and (b) 17 h.

3.1.2. X-Ray Diffraction (XRD) Spectra of NaYF,; Up-Conversion Nanoparticles

XRD spectra of NaYF, up-conversion nanoparticles heat-treated for different times ((a)
15h and (b) 17 h) are shown in Figure 5. The characteristic peaks are observed at 26 ~ 27.1°,
29.48°, 35.96°, 39.78°, 44.9°, 48.12°, 51.1°, 55.46°, 56.42°, and 58.30° [18,19]. These peaks
correspond to the Miller indices (110), (101), (200), (111), (201), (210), (002), (300), (211), and
(102), respectively [18,19]. The presence of these peaks confirms the hexagonal (3-phase of
NaYF; UCNPs [18,19], because this phase favors the up-conversion properties.

(b) UCNPs - 17 h

(110)
(111)
(002)
@11)

(101)

(a) UCNPs - 15 h

Intensity (A.U)

25 30 35 40 45 50 55 60
20

Figure 5. XRD spectra of NaYF, up-conversion nanoparticles after heat treatment for (a) 15 h and
(b) 17 h.
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Intensiy (A.U)

300

3.1.3. Multiphoton Confocal Microscopy (CM) of NaYF4 Up-Conversion Nanoparticles

Figure 6a,b shows the emission spectra of NaYF, up-conversion nanoparticles after
heat treatment for (a) 15 h and (b) 17 h, respectively. The NaYF,; UPCNSs treated for 15 h
exhibit more defined emission peaks compared to those treated for 17 h. This difference
can be attributed to the process of up-conversion luminescence, which occurs when NaYFy
nanoparticles doped with specific lanthanide ions absorb multiple low-energy photons
(typically in the near-infrared range) and emit a single higher-energy photon in the UV-Vis
spectrum [20].

300
(a) UCNPs - 15 h (b) UCNPs - 17 h

Intensiy (A.U)

450

1 1
500 550 600 650 700 450 500 550 600 650 700

Emission wavelenght (nm) Emission wavelenght (nm)

Figure 6. Emission spectra of NaYF, up-conversion nanoparticles after heat treatment for (a) 15 h
and (b) 17 h. Red lines correspond to absorption peaks, while green and purple lines correspond to
emission peaks, respectively.

3.1.4. Scanning Electron Microscopy (SEM) of TEOS Film Synthesized at Different pH and
Temperatures

Figure 7 shows the SEM images of TEOS films synthesized at pH values of 3 and 5 at
75 °C and 80 °C, as examples. At a pH of 3, the TEOS films obtained a porous structure.
However, at pH = 5, the surface became more irregular and granular, and the porous
structure of the film decreased. This behavior can be attributed to the sol-gel process
carried out at different pH conditions. This means that, in an acid-catalyzed environment
(pH 3), hydrolysis predominates, whereas in an environment with a pH of 5, condensation
occurs more efficiently [21,22].

Figure 7. SEM images of TEOS films synthesized at pH values of 3 and 5 at (a,b) 75 °C and
(c,d) 80 °C, respectively.
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4. Conclusions

NaYF, nanoparticles treated for 15 h show more defined morphologies and stronger
emission than those treated for 17 h. TEOS films formed at pH 3 are porous, whereas
those at pH 5 exhibit irregular, granular surfaces due to different sol-gel mechanisms.
These results confirm the strong effect of treatment time and pH on structural and optical
behavior. Overall, the materials present promising potential for use in solar concentration
systems and improved energy conversion efficiency.
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