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Abstract: Background: The strategy to form functional structures based on powder technology relies
on the concept of nanoparticles characteristics. Rare-earth sesquioxides (RE,Os3; RE as Y, Tm, Eu)
exhibit remarkable properties, and their fields of application include energy, astronomy, environmen-
tal, medical, information technology, industry, and materials science. The purpose of this paper is to
evaluate the characteristics of RE,O3 nanoparticles as a bottom-up strategy to form functional materials
for radiation dosimetry.
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Conclusion: Evaluating nanoparticle characteristics is extremely important by considering a bottom-up
strategy to form functional materials. The RE,O3 nanoparticles exhibit promising characteristics for

application in radiation dosimetry.
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1. INTRODUCTION

The strategy to form functional structures based on pow-
der technology relies on the concept of nanoparticles charac-
teristics. In general, nanoparticles are ultrafine particles that
are nanometer in size ranging from 1 to 1000nm [1]. Parti-
cles at a nanometer scale tend to be affected by their own
atoms and molecules, exhibiting different properties from
their bulk constituting the same solid substance/material [2-
5]. Besides, nanoparticle characteristics, such as size [6],
shape [7], density [8], and chemical composition [9], direct-
ly affect the material/end-use component characteristics.
Therefore, the characterization of nanoparticles is a very
important step toward the formation of new functional struc-
tures.

Rare-earth sesquioxides (RE,O3;; RE as a metal atom)
exhibit remarkable proprieties, and their fields of investiga-
tion and application include energy [10], economy [11],
environmental [12], medical [13], information technology
[14], industry [15], and materials science [16]. Considering
the vast applicability of the rare-earth materials and China’s
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domination in rare-earth production [17], The United States
of America [18] and the European Union [19] classified
rare-earths as critical materials.

The use of a small quantity of rare-earth in the formula-
tion of new structures has led to the development of new
materials with improved characteristics [20-24]. Zhao et al.
[25] reported that using Tb*" and Yb" as activators of sili-
cate glasses improved the efficiency of the solar cell down-
conversion layer by up 8.6 %. Djamal et al. [26] observed
that the amount of 1.0 mol. % Dy,0; improved the glass
medium structure and provided light emission in the visible
region induced by x-ray. Kershi et al. [27] revealed that low
concentrations of Er’* (y<0.14) improved the elastic moduli
of Er,Zn(,Coq sFe,,O4 (E-ZCFNs) compounds.

Based on the information mentioned above, the purpose
of this paper is to evaluate the characteristics of RE,O; ses-
quioxides (RE,O;; RE as Y, Tm, Eu) as a bottom-up strate-
gy to form functional materials for radiation dosimetry.

2. MATERIALS AND METHODS

The term sesquioxide (RE,O;, RE means the rare-earth
metal) was assigned to the following rare-earth oxides: yt-
tria (Y,03, 99.99 %, Alfa Aesar GmbH), thulium oxide
(Tm,05, 99.999 %, Alfa Aesar GmbH), and europium oxide
(Eu,0s3, 99.999 %, Alfa Aesar GmbH).
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The RE,O; particles as received were characterised using
the following techniques: Fourier Transform Infrared Spec-
troscopy (FTIR, Thermo Nicolet iS50), Inductively Coupled
Plasma Atomic Emission Spectroscopy (ICP/AES, ICPE
9000, Shimadzu), Scanning Electron Microscopy with re-
spect to particle size and shape (SEM, INCAx-act, Oxford
Instruments), and Photon Correlation Spectroscopy with
respect to particle size distribution (djg, dso, dog) (PCS,
Litesizer500, Anton Paar), where the mean diameter size
(dso) was calculated based on hydrodynamic diameter model
Eq. (1) [28].

dso = (3n:fTT)Dt) [nm] )

Where, Kgr is the Boltzmann constant, T is the temperature
(K), h (T) is the viscosity of the liquid, and Dy is the particle
diffusion coefficient.

The crystalline structures of the RE,O; powders were
evaluated by X-ray diffraction (XRD, Rigaku Multiflex,
Japan), with an angular range of (20) 15-70°, scanning of
0.5°min”", and Ka source. The crystallite sizes (d.) were
calculated by the Scherrer model [41] (Eq. (2)), based on the
measurement of full-width at half-maximum (FWHM) [29]
values. The crystalline structures of samples were identified
according to the Powder Diffraction File (PDF).

d. = (%) [nm] @

LcosO

Where, k is 0.9 for spherical shape factor; A is 1.54 A for the
wavelength of the CuKa radiation, 0 is the angle of diffrac-
tion, and B is FWHM of the peak.

The true density (p) was measured by using a helium
pycnometer (Micrometrics 1330), where p is expressed ac-
cording to Eq. (3).

NanAm 2 1
p = (i) 2 ;
VmolMs ( )

Where, N, is the Avogadro constant (6.023.1023 mol'l), Am
is the adsorbed gas area (16.2.102°m? for N, and 19.5.10"%
m? for Kr), Vy is the adsorbed gas molecule volume, V
corresponds to Imol gas volume under environmental tem-
perature, and Ms is the sample mass.

The paramagnetic response of RE,O3 nanoparticles was
evaluated by electron paramagnetic resonance using an X-
band EPR spectrometer (Bruker EMX PLUS). All EPR
spectra were recorded under the following conditions: envi-
ronmental atmosphere, field modulation frequency of 100
kHz, microwave power of 2.5 mW, center field of 300 mT,
sweep width of 300 mT, modulation amplitude of 0.4 mT,
time constant of 0.01 ms, 10 scans, temperature at 20 °C,
and controlled humidity using DPPH (2, 2-Diphenyl-1-
picrylhydrazyl, Bruker) as reference. The g values were
calculated based on Eq. (4).

g = 714.4775. (M) [a.u.] (4)
Bo 6]
Where, v is microwave frequency in (GHz), and f,is a mag-
netic field in (G).

Zeta potential (z) evaluation of RE,O; in an aqueous
medium was performed by a light scattering analyzer
(Litesizer 500, Anto Paar), constituted of a laser beam of
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wavelength 658nm, power 40mW, and detection angle of
15°. In addition, z values were calculated according to Eq.
(5). Aqueous suspensions were prepared with 0.5 g-L™' sol-
ids and NaCl 10~ M (58.44 g.mol”', Merck). HCI and KOH
solutions were used to adjust the pH of the suspensions from
acid to alkaline conditions (pH 5.6 — 11).

¢ = s mv] 5)
Where,

. ¢ = electric permissively;

. n = viscosity of medium [mPa.s];

. . = electrophoretic mobility [p.s™.V"'.cm];

. f(ka) = 1.5 (aqueous solvent).

3. RESULTS AND DISCUSSION

The X-ray curves of RE,O3 nanoparticles are illustrated
in Fig. (1a). The Y,0; sample exhibited diffraction peak
characteristics of the body-centered cubic structure- bcc
(PDF.71-99), with high intense diffraction peak recorded at
29° plane (211), space group 1,3, 16 unity cells, and 32 cati-
ons [30]. Among 32 cations, 8 were located at C;i and 24
were located at C,. The Cs;,Ss exhibited an inversion center
and smaller crystal fields, which did not provide electron-
dipole transitions. On the other hand, the C, axis did not
exhibit an inversion center, making electron-dipole transi-
tions possible. Filling the C, axis with RE ions intensified
the luminescence response of Y,0; as reported in previous
studies [31-35].

The Tm,0; nanoparticles exhibited cubic C-type struc-
ture Fig. (1a), space group I,3, with a high peak intensity
recorded at 29°, plane (211), fitting to (PDF 78-389). More-
over, it has been observed that Eu,O; nanoparticles Fig. (1)
exhibited sharp diffraction peaks, like yttria and thulium
oxide, but no second phase was identified. Possibly, a prior
thermal treatment should improve the crystalline aspect of
the powders. The most intense peak was recorded at 28°
according to the plane (222) and PDF (65-3182).

In general, rare-earth sesquioxides exhibit similar dif-
fraction patterns due to their physical properties, and the
crystal identification is achieved in the order of slight differ-
ence between the diffraction planes. Fig. (1b) illustrates the
polymorphic diagram of the sesquioxides as a function of
temperature, where all the possible structures (A, B, C, X,
and H) are represented. According to the diagram, the type
C structure presents the widest phase field, covering all RE
groups (from La to Lu). For europium oxide, the cubic C-
type structure remains stable up to 1000 °C, whereas for
thulium oxide, the stability is maintained up to 2200 °C.

Controversial data have been reported in the literature
regarding the crystalline structure of yttrium oxide powders.
Qin et al. [36] observed that nanoparticles with diameter
sizes smaller than 10nm exhibited polymorphism from cubic
c-type to monoclinic. Gourlaouen et al. [37] synthesized
nanoparticles with a monoclinic structure by hot pressing
under 997 C and 2 GPa. Navrostky et al. [38] reported that
yttrium oxide samples presented the following structural
changes: cubic c-type — fluorite — hexagonal. During our



Evaluation of Rare-earth Sesquioxides Nanoparticles

(a)

g
8

€110122200128

—
©
=]
=
>
=
)]
c —
2 S =
c - ~ =
£ 3 S o =
8 § R g
S J ﬁ_g
A -l Y
-~
F—
=
)

15

20

25

30 35 40 45

Temperature (°C)

Current Applied Materials, 2022, Vol. 1, No. 1

o

7 Eu0,

Y,0,

Ce Nd Sm Gd Dy Er Yb

DL L UL L L L L L L)
La Pr Pm Eu Tb Ho Tm Lu

20 (degree)

Rare-earth sesquioxide (RE,O3)

Fig. (1). X-ray curves of R,0; powders: (a) Y,03;, Tm,0;3 and Eu,0s; (b) crystal structure formation diagram (A, B, C, X, L, and H) of the
rare-carth sesquioxides as a function of temperature. (4 higher resolution / colour version of this figure is available in the electronic copy of

the article).

investigation on yttrium-dysprosium ceramics [39], it was
observed that ceramic samples exhibited cubic C-type struc-
ture, even though a significant quantity of dysprosium was
used (19 wt.%). This result is in agreement with the illustra-
tion of the polymorph diagram, and the cubic C-type form is
found to be the most favourable structure to be formed for
most rare-earth sesquioxides.

The mean particle size distribution curves of RE,O;
powders are illustrated in Fig. (2). Samples of Y,O; Fig.
(2a), Eu,05 Fig. (2b) and Tm,0; Fig. (2¢) exhibited a parti-
cle size distribution in nano-sized range, with the following
parameters: mean diameter (dsp) as 112nm, 89nm, and
162nm, dispersion less than 3nm (dgg — djo), and relative
dispersion (dispersion/dsp) less than 0.03. Dispersion values
close to zero (0) are an indication that the particle size dis-
tribution curves exhibit data very close to the unitary parti-
cle size.

Particle size distribution in the nano-sized range is bene-
ficial to provide ceramic bodies with dense microstructure
and homogeneous grain size distribution. Nanoparticles ex-
hibit high specific surface area (m”.g™"), which means more
contact between particles after shaping. Besides, nanoparti-
cles usually undergo sintering at a lower temperature than
the coarse ones. Furthermore, several studies have reported
that particle size is a key parameter to enhance materials
characteristics [40-43]. Okuyama et al. [44] reported that the
photoluminescence and quantum efficiency of yttrium oxide
particles rely on particle and crystallite sizes, where the
powders are composed of particles with a diameter size of
500nm and crystallite size around 40 nm exhibited the best
photoluminescence results.

SEM images of the RE,O; powders as received, i.e., with
no previous processing, are illustrated in Fig. (3). According
to the results, the three sesquioxides are constituted by ag-
glomerates of flake particles. The formation of these ag-

glomerates can be due to previous processing stages (syn-
thesis, mixing, thermal treatment) and the preparation ap-
proach of samples for SEM. Even though particles exhibit a
mean particle size distribution in the nano-sized range, as
shown in Fig. (2), they tend to form large agglomerates due
to attraction forces (electrostatic, structural, and Van der
Waals).

The samples of Tm,0; Fig. (3a) and Y,O; Fig. (3¢) ex-
hibited broad flakes, and their sizes were larger than 1um,
whereas Eu,O3; powders Fig. (3b) whose particle size was
smaller than 500 nm, presented very narrow flakes. It is
known that powder synthesis and processing influence the
characteristics of particles [45-48]. Relevant studies have
reported that particle shape and size can be controlled by
synthesis methods, where particles with spherical [49], hol-
low [50], elongated [51], flower-like [52], platelet-like [53],
and acicular [54] shapes were obtained.

Additionally, the microstructure evolution of a powder
compact relies on powder characteristics. Based on Dupont
et al. [55] model, the sintering and densification of thin ir-
regular platelet particles occur in four stages as follows: (1)
shape transformation from irregular form to spherical shape
(spheroid), (2) motion of particles, (3) densification, (4)
grain growth Fig. (3d). Considering the characteristics of
the rare-earth sesquioxides powders, these samples will
probably undergo this sintering model as thermally treated.

Chemical-composition analysis results of RE,O3; powders
by ICP are presented in Table 1. Y,0; powders were consti-
tuted by the majority of Y (550 ppm), followed by Cs (65
ppm), and a fraction of other constituents around 10 ppm.
Eu,05 powders exhibited the following main constituents: Eu
(>1000 ppm), fractions of Cs (280 ppm), and Rh (22 ppm),
including other minority elements with quantity inferior to 5
ppm. Tm,0; powders were basically constituted by Tm (>1000
ppm), Cs (800 ppm), Rb (140 ppm), Rh (52 ppm), and
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Fig. (2). Particle size distribution of RE,O; powders by PCS: (a) Y,03, (b) Eu,03, and (¢) Tm,Os. (4 higher resolution / colour version of
this figure is available in the electronic copy of the article).

Fig. (3). Morphological characterization of RE,O3; powders by SEM: (a)Tm,0s3, (b) Eu,0s, (¢) Y,03; and (d) sintering-densification particle
model proposed by Dupont et al. [55]. (A higher resolution / colour version of this figure is available in the electronic copy of the article).

68



Evaluation of Rare-earth Sesquioxides Nanoparticles

€110122200128

Table 1. Chemical composition of RE,O; powders by ICP.
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Substance Element Composition (ppm) Element Composition (ppm)
Y 550 Rh 3,5
Y,0s Cs 65 Ge 1,3
Si 4,1 Pt 1,1
Eu >1000 U 2,2
Cs 280 Cu 1,5
Eu,04 Rh 22 P 1,5
Si 4,4 Pr 1,4
Th 3,9
Tm >1000 Co 12
Cs 800 Th 12
Tm,0; Rb 140 Ir 5,9
Rh 52 Si 4,3
Table 2. Complementary characterization results of RE,O; powders.
- Y,0; Eu,0; Tm,0;
dso (nm) 122.0 89.0 162.0
d. (nm) 9.4 15 8.8
P, (g.cm™) 4.93 7.29 8.68
pi(g.cm™) 5.01 7.42 8.91

dso: mean particle size by PCS; d.: crystallite size; p,: pycnometric density; p: theoretical density.

minority fractions below 15 ppm. The results revealed that
all samples presented high purity levels, providing substan-
tial parameters to advance toward the formation of new do-
simetric materials.

The chemical composition of a substance is a key pa-
rameter to develop dosimetric materials. Undesired impuri-
ties can affect the further stages of colloidal processing,
such as incomplete synthesis, formation of secondary phas-
es, difficulties in preparing stable suspensions, microstruc-
ture defects, and low dosimetric response.

Complementary results regarding powder characteriza-
tion of RE,O; powders are shown in Table 2. According to
the results, all samples exhibited a mean particle diameter in
a nano-sized range, crystalline size inferior to 10nm, and
density values over 97 % of theoretical density.

The FT-IR spectra of RE,O; powders are illustrated in
Fig. (4). The Tm,O; spectra revealed (1-3) peaks at 3504,
1510, and 1521 cm related to M-OH bonds (M means Tm),
whereas peak (4) was recorded at 620 cm™ corresponded to
M-O bonds [56]. It was observed for Y,0O3; powders peaks
recorded at 420, 463 ¢ 566 cm™ (1-3) related to Y-O radicals
[57, 58]. The peaks recorded at 1395 and 1514 cm™ repre-

sented C-O and C=0 bonds due to CO, adsorption from the
environment by KBr disks, as reported by Mangalajara et al.
[59]. The peak (6) recorded at 3510 cm™ was attributed to
O-H radicals on the surface of yttrium-oxide particles [60].
The Eu,O; spectra revealed peaks at 635, 754, and 880cm’™!
(1-3) attributed to Eu-OH [61], peaks (4-7) recorded at
1375, 1494, and 1639 cm™ due to asymmetric stretching of
COO- bonds L62], and peaks (8-10) recorded at 3047, 3404,
and 3602 cm™ associated with adsorbed water on the parti-
cle surface [63].

The EPR spectra of Y,0; recorded under environmental
temperature and magnetic field range up to 600mT are illus-
trated in Fig. (5). Y,O3 powders presented three resonance
peaks, and the most significant signal was recorded at 358
mT and g 1.9701 (p,) associated with intrinsic defects, such
as oxygen vacancies presented in cubic C-type. The lower
intensity peaks recorded at 354 mT (g, 1.9901-p,) and 347
mT (g; 2.0371-p;) may be associated with material impuri-
ties, as well as new radicals formed during powder pro-
cessing. Bordun er al. [64] reported that the luminescence
response of Y,0; was associated with its crystal characteris-
tics (sites C, and S) and the chemical composition. Accord-
ing to the study conducted by Osipov et al. [65], Y,0;
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Fig. (4). FT-IR spectra of RE,O; powders. (4 higher resolution / colour version of this figure is available in the electronic copy of the arti-
cle).
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Fig. (5). EPR spectra of Y,0; powders recorded under environmental temperature. (4 higher resolution / colour version of this figure is
available in the electronic copy of the article).
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crystal structure presents YO radicals on crystal boundaries, ed in Fig. (7a). Below pH 8, only the samples of Eu,0; and
which are responsible for improving the luminescence re- Tm,Oj; exhibited significant zeta potential values, 37mV at
sponse. pH 6.7 and 36mV at pH 6.1, respectively. On the other

hand, above pH 10 (alkaline condition), substantial zeta
values were observed for Y,03; = 34mV at pH 10.9, Eu,05 =
28 mV at pH 10.8, and Tm,03; =24mV at pH 10.8.

Unfortunately, the following samples, Tm,O; (Fig. 6a)
and Eu,0; (Fig. 6b), did not exhibit EPR response under
environmental temperature. Possibly, the identification of

their intrinsic radicals should be performed under low tem- The isoelectric point (IEP) means the pH value where
peratures. Even though rare-earth sesquioxides usually ex- zeta potential is 0; therefore, no dispersion mechanism oc-
hibit many chemical and physical similarities, in this study, curs. The mean IEP values of RE samples were recorded as
a divergence was observed. Therefore, additional investiga- follows: EuyO; (9.1 0.03), Tm,O3 (8.9 0.13), and Y,0;
tions with a wider scope are necessary to identify these in- (9.0) as shown in Fig. (7b). To prepare stable suspensions,
trinsic defects precisely. the pH of solvent should be adjusted far from IEP, in order

to provide zeta potential values above 20mV. On the other
hand, to disperse at least two different powders (p, and py),
it is desired to set the pH of solvent near the IEP of one of
the powders, e.g., p.. As a result, a layer of particles will be

The zeta potential ({) characterization is a strategy to
form advanced structures for radiation dosimetry. Zeta po-
tential curves of RE oxides as a function of pH are illustrat-

(@) Tm03 (b) Eu,03

T 1 1 I 1 T T T T T T I
50 100 150 200 250 300 350 400 450 500 550 600 50 100 150 200 250 300 350 400 450 500 550 600
Field (mT) Field (mT)
Fig. (6). EPR spectra of RE,O; powders recorded under environmental temperature: (a) Tm,0; and (b) Eu,Os. (4 higher resolution / colour
version of this figure is available in the electronic copy of the article).
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Fig. (7). Stability of RE,O; particles in aqueous solvent: (a) zeta potential curves of colloidal suspensions based on Eu,03, Tm,03, and Y,03
powders recorded under environmental temperature; (b) isoelectric point of the colloidal suspensions. (4 higher resolution / colour version of
this figure is available in the electronic copy of the article).
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formed in the bottom (p,), and finally, the separation from
the other powder (py,) occurs.

The results of zeta potential characterization of yttria
were in agreement with those reported previously in our
investigations [65, 66]. Yttria aqueous suspensions exhibit-
ed IEP at pH 8.5, and stability condition in pH range from
pH 5.5 up to pH 7 (€ of |50 mV]), and from pH 9.5 up to pH
12, in which  of 40 mV was recorded at pH 10.5.

A project of a new dosimetric material often demands a
set of procedures, such as the selection of the starting mate-
rials, followed by synthesis methods, shaping, and sintering.
The characterization of the starting materials provides sub-
stantial data to advance towards further processing stages
and form advanced dosimetric materials based on rare-earth
sesquioxides.

CONCLUSION

The characteristics of the three sesquioxides (RE,O;)
powders, namely Tm, Eu, and Y, were evaluated as a bot-
tom-up strategy to form functional materials for radiation
dosimetry. All samples exhibited cubic C-type structure, a
mean particle size distribution (dsp) inferior to 130 nm,
flake-like morphology, and pycnometric density (p,) values
equivalent to 98 % theoretical density (p;). As dispersed in
an aqueous solvent, RE,O3; powders exhibited a mean isoe-
lectric point at around pH 9 and were highly stable at pH
10.5. By Electron Paramagnetic Resonance, only Y,O;
powders presented resonance peaks, and the most signifi-
cant signal was recorded at 358 mT and g 1.9701. The
RE,O; nanoparticles are promising materials to be used as
activators of new materials for radiation dosimetry.

CURRENT FUTURE AND DEVELOPMENTS

Rare-earth sesquioxides comprehend as a selected group
of base materials that have larger applicability, and their
demand has been increased considerably. Powder character-
ization is a popular technique in ceramic processing and has
a great implication with regard to rare-ecarth sesquioxides.
Considering that the functionality of a ceramic component
relies on starting materials (shape, size, density, chemical
composition), referring to the powder characteristics, this
theme will demand more investigations for further devel-
opment.
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