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The demand for innovative materials with multiple properties, that are
economically feasible, has opened the way for materials such as polycrystalline
transparent ceramics. These ceramics have the advantage of materials with high
mechanical resistance, good thermal and chemical stability, optical transparency,
biocompatibility, adaptable properties, transmission range from UV to IR, the
possibility of doping with rare earths. In addition, they have found their utility in
aerospace and military applications, the manufacturing of high-temperature IR
windows or armored windows, electro-optical devices, lasers, scintillators,
catalysts, fluorescent markers etc. In this paper, we studied the influence of process
parameters on the hydrothermal synthesis of yttrium oxide ceramics. Practically,
we used yttrium nitrate and urea in the presence of polyethylene glycol, and the
colloidal precipitate was transferred to a 40 ml autoclave and maintained at 150°C
for 12 h. The resulting precursor was subjected to a thermal treatment at 600°C for
3 h. The effects of the process parameters on the structure, morphology and optical
properties were investigated in detail. The transition from the precursor to the
crystalline phase of yttrium oxide was observed by Fourier Transform Infrared
(FTIR) spectrometry and X-ray diffraction (XRD). FTIR spectroscopy confirmed
the formation of M-O bonds, while XRD data demonstrated the progression of the
crystalline phase. The particles' spherical form and rounded edges were seen at
SEM. The optical investigations validated the utility and suitability of the proposed
method for the production of yttrium oxide-based ceramics.

1. Introduction

Polycrystalline transparent ceramics (PTC) represent a class of advanced materials with

applications in various fields, due to a unique combination of mechanical, thermal, chemical,

and optical properties [1]. Generally, optical materials are transparent to electromagnetic

waves of ultraviolet

(up to 380 nm), visible (380—780 nm), and infrared (780-2000 nm)

regions [2]. Technological progress in recent decades has made it possible to tailor particle

59




morphology, their interconnectivity, and structural orientation to direct their physicochemical
and mechanical properties for applications in the military, aerospace, medical, energy, and
other civilian sectors. The general steps for obtaining a polycrystalline ceramic material
involve: preparation of high-purity powder, to prevent light absorption by impurities, with
submicron size, with or without dopants (by sol-gel methods, coprecipitation, etc.), followed
by powder pressing steps (cold or hot isostatic pressing, slip casting, hot pressing, spark
plasma sintering), thermal treatment to remove residual pores and obtaining complete
densification (vacuum hot pressing, spark plasma sintering), and polishing to reduce
roughness [2-5]. Polycrystalline submicron alumina, aluminum oxynitride, yttrium oxide,
yttrium aluminum garnet, zirconium oxide, zinc sulfide, are some examples of transparent
ceramic materials reported in the literature [1, 6, 7].

Yttrium oxide or yttria (Y203) is one of the 17 essential rare earth oxides, which
appears in the form of white powder. Y>O; exhibits a high energy band gap (~5.7 eV), low
phonon energy (380 cm™!), high refractive index (~2, at 550 nm), optical transparency in the
visible and infrared, high thermal conductivity and hardness, and excellent chemical and
thermodynamic stability (melting point ~2430°C) [7-9]. Y203 has been used as transparent a
polycrystalline ceramic in applications, such as: optical or protective windows for high-power
lasers (Y205:Yb**, YAG:Nd,), medical or military guidance systems, sensors, screens in the
nuclear field etc [3, 4, 10]. Moreover, Y203 is one of the most commonly used phosphor host
materials, which through (co)doping (Yb**, Tm*', Pr’*, Gd**, Nd**, Eu** etc.) or in
combination with other oxides (e.g. with AlOs; in YAG) acquires remarkable
physicochemical properties, that enable the absorption of electromagnetic radiation and its
conversion into vissible emission (yellow phosphor YAG:Ce, red phosphor Y,0s3:Eu), as a
result of the gradual excitation between the discrete energy levels of the rare earth ions [4,
11-14]. Considering the advantages offered by this type of oxide, the synthesis technology
plays a fundamental role, therefore different methods have been investigated, including
(co)precipitation, sol-gel, hydro-/solvothermal, spray pyrolysis, microplasma-assisted,
solution combustion, detonation or eco-friendly approaches [7, 9, 15, 16]. However, these
methods still present disadvantages deriving from a high degree of complexity, poor control
over purity and morphology, high consumption of raw materials, time, energy, and negative
impact on the environment.

Synthesis of transparent Y,O3; ceramics is an advanced process that requires rigorous
control of material purity and particle morphology to avoid light absorption and scattering.

Considering the advantages of hydrothermal processes (good control of particle size and
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shape, high crystallinity, and purity, lower synthesis temperature, stability and
reproducibility), this study aims to investigate the possibility of synthesizing Y.Os3 particles
using hydrothermal synthesis and the influence of Eu®" ions for the development of
fluorescent materials. Structural properties were studied using XRD, FTIR and EDX
spectroscopy, while SEM was employed to assess the morphological features. The optical
properties, determined by PL spectrometry, confirm the application potential of these

materials.

2. Method and samples

For the synthesis of Y203 and Y20s:Eu by the hydrothermal method, we used the
following analytical grade starting materials, purchased from Merck: yttrium (III) nitrate
hexahydrate (Y(NO3)3-6H20), europium (III) nitrate pentahydrate (Eu(NOs)3-5H>0), urea
(NH2CONH2) and polyethylene glycol (PEG, H(OCH2CH2),OH, Mw=1000). During the
process, deionized water (DIW) was used for the synthesis and washing of the oxide
precursor.

The structural, morphological, optical evolution, and wetting capacity of the samples
were studied using the following equipment: The characterization techniques involved are (i)
Rigaku SmartLab X-ray Diffraction System used to study the crystallinity and phase
identification for the studied materials; (i1) Bruker Tensor 27 FTIR spectrometer for
identifying the chemical bond configuration of precursor and oxide samples; (iii) FEI Nova
NanoSEM 630 system having an EDAX facility provide information about morphological
and compositional analysis; (iv) photoluminescence spectra were recorded on an FLS-920T
spectrometer equipped with an integrating sphere.

The synthesis of submicron undoped and Eu*" doped Y03 particles was performed
using a hydrothermal process that involves the use of Y(NO3)3-6H20 and Eu(NO3)3-5H>0 as
a source of cations, and urea as a capping and reducing agent. Urea is a biodegradable
compound that does not produce hazardous contamination byproducts [17]. Also, to reduce
the tendency of agglomeration and increase hydrophilicity, we used a second compound as
capping agent, biocompatible and eco-friendly compound. The process for the synthesis of
Y»0; follows two main steps: (a) hydrothermal synthesis, in liquid medium, of the precursor
and (b) thermal treatment, in solid phase, which finalizes the morphology and crystalline
structure. In the precursor production stage, the synthesis reaction is carried out inside an
autoclave with an outer high-quality stainless steel jacket and an inner Teflon liner or

chamber. In the first stage, the stock solutions of Y(NO3)3:6H>O with a concentration of
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5 mmol/l, Eu(NO3)3:5H>O with a concentration of 5 mmol/l and urea with a concentration of
0.02 mol/l were prepared. The initial solution consists of PEG in a 1:1 ratio towards ADI, to
which the nitrate and urea were added simultaneously. The colorless solution thus obtained
was stirred for 60 min. at room temperature. An excess of urea was used, maintaining a
nitrate:urea ratio of 1:4, and the dopant was added in a proportion of 8%. This reaction
mixture was transferred to autoclave, leaving about 25% of its volume, and the placed in an
oven heated to 150 °C for 12 h. The reaction solution was allowed to cool to room
temperature before being collected and subjected to successive decantation and washing
operations by: centrifugation at 9000 rpm, 10 min, removal of the supernatant and
redispersion in water, to eliminate by-products or unreacted substances. The thermal
treatment step involves slow drying, overnight, in a desiccator of the precursor, followed by
slow treatment of the precursors up to a maximum of 600°C, with a furnace heating rate of

7°C/min and maintaining for 3 h.

3. Results and Discussions
3.1. Structural Analysis

From the structural point of view, Y203 exhibits three distinct crystallization phases,
namely: cubic (cI80), monoclinic (mP30), and hexagonal (hP10). Among these, the cubic
phase is the most thermodynamically stable, and has been studied for the use of Y203 in
emissive applications. At room pressure, Y203 exhibits a cubic structure; however, by
increasing the pressure, it can transform into either the phases (cubic — monoclinic —
hexagonal or cubic — hexagonal). It was also found that plastic deformation can induce a
structural transformation from the cubic to the monoclinic phase [11,18].

The purity and crystallinity of Y203 particles (doped and undoped) obtained by
hydrothermal method in the absence and presence of PEG, and subsequently subjected to
thermal treatment at 600°C for 3 h, were examined using the X-ray diffraction pattern shown
in Figure 1.

One can observe that the diffraction peaks associated with the precursor completely
disappear at the synthesis temperature up to 600°C, and the XRD data of the oxide powders
confirm the formation of a material with a cubic crystalline structure. For all Y203 samples,
each diffraction peak was indexed according to ICDD (International Center for Diffraction
Data) cards no 100-9013 and 79-1716 [19]. The lattice parameters were calculated and
presented in Table 1.
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Table 1. The parameters assigned to X-Ray diffraction peaks of Y>O3 without PEG, Y>O3 with
PEG, and Y>03.:Eu with PEG samples.

Sample Y03 without PEG Y>03 with PEG Y>03:Eu with PEG
Crystal Structure Cubic Cubic Cubic
system: Space group 206 : 1a3 206 : Ia3 206 : Ia3
Cell Constant lattice (A) 10.6128 10.6060 10.6278
parameters: Atomic cell volume (A?) 1195.3358 1193.0396 1200.4114
Average crystallite size (nm) 13.2 23.1 25.6
Phase name: Miller indices 26 (°) 26 (°) 26 (°)
h k /
Yttria (Y203) 2 1 1 20.42 20.47 20.59
Yttria (Y203) 2 2 2 29.08 29.08 29.18
Yttria (Y203) 4 0 0 33.68 33.70 33,79
Yttria (Y203) 4 1 1 35.80 35.85 35.97
Yttria (Y.03) 4 2 0 - 37.84 38.03
Yttria (Y203) 3 3 2 39.70 39.78 39.82
Yttria (Y203) 4 3 1 43.49 43.41 43.47
Yttria (Y.03) 5 2 1 - 46.84 46.89
Yttria (Y203) 4 4 0 48.45 48.46 48.51
Yttria (Y.03) 4 3 3 - 50.06 50.14
Yttria (Y203) 6 1 1 52.99 53.13 53.23
Yttria (Y.03) 6 2 0 - 54.65 54.79
Yttria (Y203) 5 4 1 56.08 56.14 56.11
Yttria (Y203) 6 2 2 57.53 57.54 57.58
Yttria (Y203) 6 3 1 58.88 59.00 59.01
Yttria (Y203) 4 4 4 60.29 60.41 60.43
Yttria (Y.03) 5 4 3 - 61.78 61.79
Yttria (Y.03) 6 4 0 - 63.15 63.24
Yttria (Y203) 7 2 1 64.46 64.49 64.55
Yttria (Y.03) 7 3 2 - 69.69 69.79
Yttria (Y203) 8 0 0 71.05 71.02 71.09
Yttria (Y.03) 8 1 1 - 72.28 72.28
Yttria (Y.03) 8 2 0 - 73.49 73.31
Yttria (Y.03) 6 5 3 - 74.85 74.75
Yttria (Y.03) 8 2 2 - 76.06 76.26
Yttria (Y.03) 8 3 1 - 77.31 77.27
Yttria (Y203) 6 6 2 78.59 78.49 78.49
Yttria (Y203) 8 4 0 80.91 80.97 80.97
Yttria (Y203) 8 5 1 87.04 87.05 87.05
Yttria (Y203) 9 3 2 - 89.54 89.54
Yttria (Y203) 8 4 4 90.77 90.70 90.70
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Figure 1. XRD patterns of the Y205 and Y20s:Eu’* synthesized in the presence and absence of PEG,
after thermal treatment at 600°C

The three main characteristic diffraction peaks of Y20s; were found, at 26 = 29.08°,
48.45° and 57.53°, further indexed as (222), (440) and (622) Miller planes, while the low
intensity peaks were assigned to a cubic crystal structure belonging to a space group 206:1a3.
This phase corresponds to a BCC (body-centered cubic) structure, also known as bixbyite, C-
type or C-Y20; structure [16, 20, 21]. In all three XRD patterns, no peaks indicating the
presence of secondary phases were observed, which confirm the complete decomposition of
the complex precursor and the formation of high-purity Y20s. Also, for the doped sample, no
additional peaks associated with a crystalline phase involving Eu®" were observed,
demonstrating the incorporation of Eu** ions by substitution of Y>* ions, which shows that
the prepared samples are single-phase, and the substitution of the Eu®" ion in the Y>03
structure occurred homogeneously during the reaction. The unit cell of Y203 is composed of
80 atoms (48 O and 32 Y, being considered a combination of 64 cubic sections) for which the
lattice constants were found in agreement with the data from standard cards
(a=b=c=10.6056 A) or reported in the literature (10.6040 A) [18]. For the samples obtained in
the presence of PEG, the observed peaks are sharper and with higher intensity, which certifies
a greater degree of crystallinity of the Y20; particles obtained in the presence of this
surfactant [21]. By substituting yttrium ions and introducing the dopant into the crystal lattice
in the form of trivalent Eu ions, with a larger ionic radius (ri (Y>") = 0,9 A°, ri(Eu*") =

0.947 A°), the lattice parameters are modified, as a consequence of the crystalline structure
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deformation. The lattice strain for Y203 samples is ~ 0.08% at 600°C, around, increasing to ~
0.17% for Y203:Eu. Using the Williamson-Hall method, a mean crystallite size of
approximately 26 +£3 nm was found for Y»Os3:Eu. The data were consistent with those
obtained using the main peak and the Scherrer equation, taking into account the spherical
shape of the crystallites, for which the & factor is 0.93.

FTIR spectroscopy was used to evaluate the nature of interactions that occur during the
synthesis processes of ceramic particles. Figure 2 shows the FTIR spectra of the main raw
materials involved in the process (yttrium nitrate and polyethylene glycol), as well as the
spectra of the reaction products from the hydrothermal stage (the oxide precursor), and after
the thermal treatment (yttrium oxides). The FTIR spectrum of yttrium nitrate hexahydrate is
mainly defined by the bands associated with the nitrate ion, as well as adsorbed water
molecules. In the ranges 4000-3000 and 1700-1600 cm™', bands are observed that confirm the
presence of water of crystallization [7]. The other bands in the 1600-1000 cm™! range are due
to stretching and bending vibrations of the NO3™ group, and the absorption bands centered at
812, 749, 723, and 648 cm! indicate the interaction between the yttrium cation and the
nitrogen anion [22-24].
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Figure 2. FTIR spectra for the raw materials and reaction products: yttrium nitrate, PEG, oxide precursor, Y03,
and Y»0s:Eu (a), and detail highlighting the bands associated with Y-O bonds, on the 650-370 cm™! range (b)

The PEG spectrum shows characteristic bands that can be assigned to terminal OH
groups (3384, 1642 cm™), ether chains, C-O-C (1300-1000 cm™) and methylene chains,
-CH,- (2916, 2881, 1456, 1350, 947 and 842 cm) [25, 26]. The FTIR spectrum of the
precursor obtained through the hydrothermal process suggests the formation of a complex
precursor of the hydroxynitrate type, Y(OH)3_x(NO3)x. The band centered at 3361 cm™! can be
attributed to O-H stretching vibrations from both the hydroxynitrate and PEG. The high
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intensity bands centered at 1505 and 1384 cm’! are associated with the symmetric and
asymmetric stretching vibration of the nitrate ion in the complex, respectively [27]. The
presence of the organic component in the precursor is confirmed by the appearance of the low
intensity band centered at 1086 cm™!, which can be attributed to the vibration mode of the
ether bonds in the polyethylene glycol chain [28, 29]. The band centered at 684 cm™ can be
assigned to the vibration mode of the Y-O(H) bonds. During the thermal treatment, the
dehydroxylation of Y(OH);_x(NOs)x begins, and at 600°C the complete decomposition of the
precursor is observed, the removal of nitrates, hydroxides, and the organic component, from
the structure, which indicate the use of a sufficient temperature for the total decomposition
and complete removal of of the secondary reaction products, and the formation of a high-
purity yttrium oxide. At lower wavenumbers than 600 cm™ (558, 463 and 415 cm™) the
spectrum of oxide particles is characterized by absorption bands corresponding to the
stretching vibrations of Y-O and Y-O-Y bonds in cubic Y203 [9, 30-32]. Doping with Eu**
ions is indirectly confirmed, by a slight shift of these absorption bands to lower wavenumbers
(554, 459 and 412 cm™). The absence of new bands indicates that Eu®" is inserted into the
cubic lattice, without forming secondary phases of EuO3 without altering the Y205 structure.
The shift of the absorption bands may result from the difference in ionic radii between the
two cations. The Eu** ion has a slightly radius larger than Y>" in sixfold coordination (ri (Y*")
=0,9 A, ri(Eu*") = 0.947 A) leading to local lattice expansion and a weakening of the Y-O
bonds vibrations. These results confirm the observations from the XRD diffractogram.

To evaluate the chemical composition at the atomic level, Figure 3 presents the EDX
spectra for Y203 and Y203:Eu samples, obtained in the presence of PEG and subjected to a
thermal treatment at 600°C for 3h. From the point of view of qualitative analysis, peaks were
identified in the two oxide spectra that can be attributed to atoms of oxygen (O(K) at 0.52
keV) and yttrium (Y(L) at 1.92 keV) [24]. In the spectrum of the doped oxide, low intensity
drops corresponding to dopant atoms (Eu(L) at 5.84 keV and Eu(M) at 1.14 keV) were
identified. Quantitative analysis shows that the weight of the constituent elements is in
accordance with the structural formula of the oxides and close to the calculated
stoichiometry, estimating the obtaining of a final product with a structural formula close to
the theoretical ones Y1.9803.02 and Y1.91Eu0.0803.01, respectively, and an Eu:Y atomic ratio of
0.0421. Except the peak due to the substrate (Si(K) at 1.739 keV), no other impurities could
be identified.
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Figure 3. EDX spectra for Y>O3 and Y>O3:Eu, obtained in the presence of PEG, after the thermal treatment at 600°C

3.2. Morphological Analysis

The agglomeration of the powder influence densification and grain growth rates, which
negatively influences the formation of final ceramic products [3]. Scanning electron
microscopy (SEM) was used to study the shape, size, defects and the agglomeration tendency
of oxide particles. Figure 4 illustrates the morphology of the yttrium oxide samples obtained
in the presence of PEG, and after a thermal treatment at 600°C. The particle morphology
appears to be constant, suggesting a controlled synthesis process. The approximate size
distribution of the oxide particles was determined from the SEM images by measuring about
200 particles, using the “Image J software [33]. Subsequently, the data were compiled into
the histogram shown, as in Figure 4b, which was fitted with a Gaussian function to best

represent the distribution.
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Figure 4. SEM micrograph of a representative sample of Y,0s, obtained by the hydrothermal method in
the presence of PEG, and after a thermal treatment at 600°C (a); and
Histogram with normal distribution of the size for Y,Os:Eu (b)
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From image analysis, one can observe spherical particles with submicron dimensions,
with well-defined boundaries, without surface defects. No agglomeration tendency was
observed, indicating high crystallinity. Their diameter ranges from 250 to 510 nm, with an
average diameter of approximately 410 nm. The dopant does not influence the morphology of

the particles.

3. 3. Optical Analysis

Demonstration of the utility and feasibility of using yttrium-based ceramic materials
can be achieved through fluorescence spectrometry. Doping Y20; with different rare-earth
ions can produce materials with emissive properties in different spectral ranges, which have
found application from the biomedical field to optoelectronics. In the following, the emissive
properties of the Y,03:Eu®* ceramic product obtained by excitation with a radiation at
465 nm were studied and illustrated in figure 5.

The emission spectra for the phosphors samples obtained, in the presence and absence
of PEG, showed a series of emission maxima between 550 and 700 nm, which can be
associated with the Dy — "Fj (J=0-4) electric dipole transition of the Eu** ions in the Y205
host lattice. The spectra of the samples are dominated by the *Do—'F, transitions which
allow emission in the red (~610 and 630 nm). Additionally, lower intensity emission bands,
centered around 580 nm, can be attributed with the >Do—’Fj transition, those at 587, 583 and
599 nm to the >Do—'F transition, at 650 and 662 nm to the >Do—'F3 transition, and the bands
at 687, 693 and 599 nm to the *Do—'F4 transition [9, 21, 34]. The increase in the degree of
crystallinity for the samples obtained in the presence of PEG is observed from the structural
analysis, and is confirmed by the increase in the emission intensity of phosphor. These results
indicate that transparent Y:Os:Eu*" ceramic is a promising candidate for use as a color

converter.
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Figure 5. PL excitation spectra of Y2O03:Eu®" ceramic and the CIE chromaticity diagram

The CIE chromaticity diagram (introduced by the Commission International de
L'Eclairage in 1931) for Y,03:Eu’" ceramic under 465 nm excitation provides an intuitive
view of the red emission colors. According to McCamy's formula (n = (x-0.3320) /(0.1858-
v); CCT =437-n3 + 3601-n2 + 6861-n + 5517), the Correlated Color Temperature (CCT) can
be calculated from the CIE coordinates with an error of +2 Kelvin degree [15]. For the
coordinates (0.6589; 0.3411), the CCT = 2955 Kelvin was calculated, which corresponds to

“warm” light emission.

4. Conclusions

We have obtained yttrium oxide by the hydrothermal method, which is a synthetic
ceramic material. By doping with Eu®" ions, we developed a transparent ceramic material
with fluorescent properties. This method allowed obtaining the homogeneous particles with
controlled submicron sizes and high purity, essential conditions for the final transparency of
the ceramic and, last but not least, a decrease in the sintering temperature due to the high
reactivity of the powder. The structural studies carried out by XRD, FTIR and EDX
spectroscopy demonstrated the crystallinity and purity of the material, as well as the absence
of secondary phases or other types of impurities associated with the synthesis process. The
presence of the dopant was evidenced by EDX analysis, but also indirectly by modifying the
lattice in the parameters as a result of the substitution of Y*>* ions with Eu** ions. The
importance of using PEG in the process was highlighted by an increase in the degree of
crystallinity, which translated into an enhancement in emission intensity. Optical studies

performed on Y20s3:Eu*" demonstrated the potential for excitation at 465 nm and maximum
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emission in the red region, around 610 nm. The chromaticity coordinates allowed us to
calculate the color temperature indicating the obtaining of a device with warm light
emissions. The obtained materials can be used subsequently in the production of transparent

polycrystalline ceramics, intended for the development of screens or as fluorescent markers.
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