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Building up europium thulium co-doped yttria nanoparticles with electron 
paramagnetic resonance response by colloidal synthesis 

S.C. Santos *, O Rodrigues Jr, L.L. Campos 
Instituto de Pesquisas Energeticas e Nucleares – IPEN, Av. Prof. Lineu Prestes 2242, Cidade Universitaria, Sao Paulo, Brazil   

A R T I C L E  I N F O   

Keywords: 
Yttria 
Thulium oxide 
Europium oxide 
Rare earths 
EPR 
Dosimetry 

A B S T R A C T   

In the radiation dosimetry field the research for new materials is a continuos demand with the aim to provide 
highly improvement procedures where ionizing radiation is used. Considering this challenge, the present work 
reports the colloidal synthesis of europium-thulium-co-doped yttria powders (YET) and evaluates the dopants 
effect on the promotion of EPR response of yttria. The powdered compositions prepared with up to 2at.%Tm and 
2at.%Eu (at.%, atomic percentage) were evaluate by XRD, PCS, SEM, and EPR. Based on the results, the proposed 
synthesis method provided ceramic powders with cubic C-type form and mean particle size (d50) less than 
160nm. The most significant EPR dose-response was noticed for the powdered composition prepared with 0.5at. 
%Tm (YET0.5) as irradiated with 5kGy (60Co). These findings are key parameters to advance toward the for
mation of new materials for radiation dosimetry.   

1. Introduction 

Practices that use ionizing radiation energy requires high safety 
systems in order to protect the humans and the environment against 
detrimental effects of ionizing radiation [1]. In summary, radiation 
dosimetry [2] has the aim to measure the absorbed radiation dose which 
is emitted from a source of ionizing radiation. Additionally, the radia
tion dose is the amount of radiation energy that is deposited in a sub
stance divided by its mass. Radiation dosimetry demands a continuos 
improvement of materials to offer a highly safety environment in ap
plications as clinical [3], industry [4], food [5], energy [6], and envi
ronmental [7]. 

Yttria (Y2O3) which belongs to the rare earth series (from La to Lu, 
and Sc) [8] is one of the most important rare earth sesquioxides (RE2O3) 
due to its remarkable properties (mechanical, thermal, chemical, and 
photonic) [9]. Many studies [10–15] have reported the wide range of 
applicability of yttria in coatings [16], sintering aids [17], catalysts 
[18], photo-luminescent devices [19], and biomaterials [20]. Govindan 
et al. [21] noticed that Ce doped Y2O3 nanoparticles with average par
ticle size of 40 investigations on the applicability of yttria nm exhibited 
photon luminescence in blue wavelength region. Wang et al. [22] found 
out that Nd doped Y2O3 nano-sized powders prepared with 2at.%Nd by a 
microwave-assisted glycine solution combustion method presented the 
highest fluorescence intensity at 1078.6nm wavelength. Huang et al. 

[23] reported that La doped Y2O3 ceramics with in-line transmittance of 
74% at 800nm can be obtained by sintering at 1700◦C in vacuum. 
Nevertheless, there are few investigations into the applicability of yttria 
in radiation dosimetry. 

Electron Paramagnetic Resonance (EPR) [24], which is also known 
as Electron Spin Resonance (ESR), is a magnetic resonance technique 
that detects unpaired electrons in paramagnetic substances, which in
cludes free radicals, transition metal ions, and lattice defects. While 
Nuclear Magnetic Resonance (NMR) [25] measures the nuclear transi
tions in a sample, EPR detects the transitions of unpaired electrons in a 
sample by applying magnetic field and microwave power. Most of ma
terials have unpaired electrons, and their formation can be induced by 
diverse chemical and physical processes, which include ionizing radia
tion [26]. In addition, free radicals plays an effective role in many 
processes, thus EPR technique is used in a wide range of research areas 
as biology [27], chemistry [28], quantum physics [29], medical [30], 
and materials science [31]. EPR measurement can be performed in 
seconds, is non-destructive and non-invasive, maintaining the sample in 
its original condition/characteristics. Even though EPR is a powerful 
technique to characterize paramagnetic samples, there are few studies 
on EPR characterization of yttria based materials. Our studies [32–39] 
might be the few ones on it. Santos et al. [33] observed that using 2at.% 
of europium improved the EPR dose response of yttria rods in a range of 
dose from 0.001 up to 50kGy. Santos et al. [38] noticed that 
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thulium-yttria nanoparticles prepared with 0.1at.% of thulium exhibited 
the most remarkable EPR response as a function of dose among all 
compositions studied. 

Considering the promising results achieved recently by the group, 
the present work goes further with a significant improvement in the EPR 
response of yttria by using two rare-earth metal ions as dopants. The 
motivation of this study consists in co-doping yttria with europium and 
thulium by colloidal synthesis to promote the formation of new electron 
defects/radicals into its lattice, which in turn can improve the capacity 
of yttria to keep the energy deposited from ionizing radiation source 
(dose) and release it proportionally to the applied dose as stimulated. 
The results reported in this study are substantial parameters to advance 
toward formation of new materials for radiation dosimetry. 

2. Experimental 

2.1. Starting materials 

In the present study europium thulium co-doped yttria powders 
(YET) with controlled characteristics such as chemical stoichiometry, 
shape, size, surface area, and density were synthesized by using the 
following starting materials: yttria (Y2O3, 99.99%, Alfa Aesar GmbH), 
thulium oxide (Tm2O3, 99.999%, Alfa Aesar GmbH), europium oxide 
(Eu2O3, 99.999%, Alfa Aesar GmbH), nitric acid (HNO3, Synth), 
ammonium hydroxide (NH4OH, Casa Americana), and ethanol 
(CH3CH2OH, Labsynth). 

2.2. Synthesis of the YET powders 

The formation of the YET nano-sized powders was performed by 
hydrothermal synthesis, in which the content of the rare-earth dopant 
was estimated in atomic percentage (at.%) by stoichiometry calcula
tions, and considering yttria as a host reference. The YET compositions 

were formed by varying thulium content from 0.5at.% up to 2.0at%, 
while europium content was fixed at 2.0at% (Table 1). The precursor 
powders (PYET) were obtained by processing a stock solution at 60ºC for 
6h in a condenser system, followed by a washing cycle using deionized 
water as illustrated in Fig. 1 steps 1-5. Finally, the nano-sized powders 
were formed by thermal treatment up to 1500ºC for 2h in air atmosphere 
using a box furnace (Lindberg Blue, Haake) as shown in Fig. 1 steps 5 
and 6. 

2.3. Powder characterization 

The aim of performing an evaluation of thermal decomposition of 
PYET powders was to define a compatible thermal treatment condition to 
obtain YET particles in a crystalline form. Using a box furnace (Lindberg 
Blue, Haake) a PYET sample of 5mg was heated from 25ºC up to 1400ºC in 
air atmosphere, where its mass was measured in each 100ºC, using an 
analytical balance (Mettler Toledo, AB204-S). In this form, a relation
ship curve between mass loss (m, mg) and temperature (T,◦C) was 
established. Besides, the first derivate of the mass loss curve as a func
tion of temperature was calculated to determine the temperature at 
which the maximum decomposition of sample occurred. Therefore, the 
conditions of thermal treatment of PYET powders to form YET crystalline 
based materials were proposed taking in account the results achieved 
during this assay. 

The evolution of crystalline structure of the YET powders as a 
function of the thermal treatment temperature was observed by X-ray 
diffraction (XRD, Rigaku Multiflex, Japan), considering an angular 
range (2θ) from 15 to 70º, step size of 0.5º.min− 1, and Kα source. The 
identification of the crystalline phases, Rietveld structure refinement, 
the mean crystallite size (dc) expressed in Eq.1, and including electron 
density distribution of the powdered samples. The electron density 
distribution is a method of characterization to evaluate the density of 
electrons in the unit cell of a sample, based on the maximum entropy 
method (MEM) [40] and performed by PROFEX [41] software. In 
addition, ball-and-stick and polyhedral representations of the unit cell of 
a YET composition were drawn by using Vesta [42] software and from 
MEM method. 

dc =
4

3πb1

[
1 + 2

̅̅̅̅̅
k1

√

(
1 +

̅̅̅̅̅
k1

√ )2

]

[nm] (1) 

Where b1 is peak width and k1 is structure file parameter. Addi
tionally, the relationship of these parameters to the crystallite size is 
reported by Melcher [43] and Bergmann [44]. 

The as-synthesized YET particles were characterized by Photon 

Table 1 
Description of the YET powdered compositions obtained by colloidal synthesis.  

Sample Structural formula Y (at. 
%) 

Eu (at. 
%) 

Tm (at. 
%) 

C (g. 
L− 1) 

YET0.5 Y1.975Eu0.020Tm0.005O3 97.5 2.0 0.5 20.00 
YET1.0 Y1.970Eu0.020Tm0.010O3 97.0 1.0 
YET1.5 Y1.965Eu0.020Tm0.015O3 96.5 1.5 
YET2.0 Y1.960Eu0.020Tm0.020O3 96.0 2.0 

at.% is atomic percentage; C is the concentration of the stock solution based on 
RE(NO3)3 solutions, in which RE is Y, Eu, and Tm. 

Fig. 1. Hydrothermal synthesis performed in the study to produce europium thulium co-doped yttria powders (YET).  
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Correlation Spectroscopy (PCS, Litesizer500, Anton Paar) in order to 
determine the particle size distribution (d10,d50, and d90), where the 
hydrodynamic diameter of particles (dh) was calculated based on the 
hydrodynamic diameter model as shown in (Eq.2) [45]. Besides, to carry 
out the characterization the following parameters such as diluted 
aqueous suspensions (0.05%vol particles), equilibration time 10s, 
number of runs 5, evaluation time 20s, and temperature 25◦C were used. 

dh =

(
KBT

3πη(T)Dt

)

[nm] (2) 

Where, KBT is the Boltzmann constant (1.38064852.10− 23m2.kg.s− 2. 
K− 1), T is temperature (K), (T) is viscosity of the suspending liquid and, 
Dt is particle diffusion coefficient. 

Solid density (ρs) of the YET powders was evaluated by using a he
lium gas pycnometer (Micrometrics 1330), where ρs-value is achieved 
according to Eq. 3 [46]. 

ρs =

(
w
Vp

)
[
g.cm− 3] (3) 

Where, w is the weight of sample, and Vp is the powder volume. 
The specific surface area (SSA) of the YET powders were determined 

by gas adsorption method, using a surface analyser (ASAP2010, 
Micrometrics). This method proposed by Bruaner, Emmett, and Teller 
[47] is known as BET. The SSA of powders by unit of mass is expressed in 
Eq. 4 [47]. 

SSA =
NAVMAM

VmolMs

[
m2.g− 1] (4) 

Where NA is the Avogadro constant (6.023×1023); VM is the volume 
(cm3) of the adsorbed gas molecule; AM is the area in which the adsorved 
gas molecule covers (16.2×10− 20m2 for N2); Vmol is 1mol volume (cm3) 
of the gas at environmental temperature; and MS is the mass (g) of 
sample. 

The quantification of specific surface area (SSA) can involve direct 
measurement of particle size (dBET), as expressed in Eq.5. In this relation 
is considered that the shape of particles is spherical and uniform. 

dBET =
6

ρt.SSA
[μm] (5) 

Where ρt is the theoretical density of sample; SSA is the specific 
surface area of sample 

The state of agglomeration of particles reveals how much particles 
that constitute the powdered sample are agglomerated, and is the ratio 
of the mean particle diameter (d50) measured by laser diffraction and 
particle size obtained directly by BET method (dBET), as shown in Eq.6. 
As Fag is 1 indicates particles are uniform and dispersed, while Fag is 
less than 1 suggests differences of shape form (length/ radius) among 
particles. However, as Fag is more than 1 particles are agglomerated. 

Fag =
d50

dBET
(6) 

The shape and size of the YET powders were observed by Scanning 
Electron Microscopy (SEM, INCAx-act, Oxford Instruments). 

Paramagnetic response of YET powdered compositions as- 
synthesized and irradiated with 5kGy (γ-radiation, 60Co) were evalu
ated by electron paramagnetic resonance using a X-band EPR spec
trometer (Bruker EMX PLUS), under room temperature and atmosphere. 
The EPR spectra of samples were recorded in field modulation frequency 
of 100kHz, microwave power of 2.5mW, center field of 300mT, sweep 
width of 300mT, modulation amplitude of 0.4mT, time constant of 
0.01ms, 10 scans, temperature of 20ºC, environmental atmosphere, 
under controlled humidity, and using DPPH (2, 2-Diphenyl-1-picrylhy
drazyl, Bruker) as EPR reference. 

ΔE = hv = gμBβ0 (7) 

Where h is the Planck’s constant (6.626 10− 34J.s), μB is the Bohr 

Fig. 2. Thermal decomposition of the powdered precursor (PYET) up to 1400ºC in air atmosphere during a heating rate of 5ºC.min− 1.  
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magneton (9.274×10− 24J.T− 1), g is the gyromagnetic ratio, B0 is the 
magnetic field in gauss (G), and v is the microwave frequency in hertz 
(GHz). 

g = 714.4775
(
v
B0

)

(8)  

3. Results and discussion 

Hydrothermal synthesis provides the formation of nano-structured 
materials with homogenous phase and controlled particle size distri
bution, where a powdered precursor substance is subjected of annealing 
in order to become a crystalline material. The thermal decomposition of 
the powdered precursor (PYET) as a function of annealing temperature 
illustrated in Fig. 2a reveals three distinct regions of decomposition. The 
region (1) ranging from environmental temperature (~25ºC) to 165ºC 

Fig. 3. Formation and structural evolution of europium-thulium-yttria powders obtained by hydrothermal method: (a) XRD curves of the precursor powders (PYET) 
annealed up to 1100⁰C; and (b) variation of the crystallite size (dc) of samples as a function of annealing temperature. 

Fig. 4. Rietveld refinement of the powder pattern of YET compositions (YETX, x ranging from 0.5-2at.%Tm, and Y2O3 is “pure” yttria). Solid line is the experimental 
data, circles are the calculated pattern, slateblue line is the difference pattern (experimental - calculated), and skyblue points are the indexed peaks according to 
BGMN structure file 04-005-4378. 

S.C. Santos et al.                                                                                                                                                                                                                                



Materialia 30 (2023) 101829

5

which corresponds to 12% mass, was due to the broken down of weak 
bonded water molecules (hydration); region (2) ranging from 165ºC to 
778ºC as a result of decomposition of yttrium nitrate -Y(NO3)3 and 
represents the greatest sample decomposition, corresponding to 41% 
mass loss; and (3) ranging from 778ºC until the end of the assay 
(1400ºC), corresponding to 5% mass loss. The accumulated mass loss 
observed during the assay up to 1400ºC was 59%. 

Additionally, the first derivative of the mass loss curve (Fig. 2a) 
shown in Fig. 2b reveals that the temperature where the maximum mass 
loss was observed at 350ºC and fits suitably with the previous result 
observed in Fig. 2a, considering that the great decomposition of the 
powdered precursor occurs in the range of temperature from 165ºC to 
778ºC. Moreover, above 900ºC up to 1400ºC a slight mass loss was 
observed, which suggests that the formation of of thulium-europium- 
yttria particles in crystalline form takes place in this range of 
temperature. 

With the aim to prove the hypothesis presented previously, three 
annealing temperatures as 500, 800, and 1100ºC were proposed as 
thermal treatment of the powdered precursor (PYET) and the crystalline 
evolution of samples was followed by XRD as illustrated in Fig. 3a. The 
as-synthesized sample (pink solid line) presented an amorphous spectra, 
having as characteristic a short range peak recorded at 29.5̊(2Ɵ). The 
beginning of structural transition from amorphous to crystalline form is 
observed from temperature of 500̊C (green solid line), exhibiting two 
short range peaks recorded at 29.5̊ and 50, whereas at 800̊C (yellow 
solid line) a sharp peak was recorded at 21.5̊. Finally, the powdered 
precursor treated at 1100̊C (orange solid line) exhibited a crystalline 
spectra, corresponding to C-type structure, with the main diffraction 
peaks recorded at 29.5̊, 53.0̊, and 57.6̊. 

Additionally, the changes on crystallite size (dc) of the PYET as a 
function of the temperature of thermal annealing illustrated in Fig. 3b 
revealed that the as-synthesized powders presented a dc of 31nm 
ascribed to yttrium-nitrate based aggregates formed from hydrothermal 
synthesis. By rising the annealing temperature to 500 and 800ºC, the dc 
of PYET reduced remarkably to 2 and 6nm respectively due to decom
position and structural transition of PYET. Moreover, annealing at 
1100ºC provided an increase of dc to 52nm due to the formation of 
crystalline form (from amorphous to cubic C-type), including aggrega
tion of particles as a result of mass transport at high temperature. To 
control the increase of crystallite size and aggregation of particles re
searchers have proposed innovative synthesis methods. Tlili et al. [48] 
by a combination of the sol–gel and mechanical milling with milling 
time up to 2h observed that the reduction of the crystallite size from 26 
to 9nm of La0.6Sr0.35Ca0.05CoO3 samples provided the decrease of the 
Curie temperature, magnetization values, and broadened the 
phase-transition region of these materials. Zhang et al. [49] successfully 
prepared Si crystallites (10nm) by a controlled thermal reduction 
method based on Mg2Si alloy powder as a reducing agent, amorphous 
SiO2 as a precursor, and ball-milling process. 

Rietveld refinement performed for all powder pattern of YET com
positions, including “pure yttria” (Y2O3) are illustrated in Fig. 4. Yttria 
as a host material (Fig. 4a) exhibited cubic C-type form, with high 
intense diffraction peak recorded at 29.5◦, space group C2 and C3i,S6, 
with an R-factor (Rwp) 20.77%, and crystal density (ρXRD) of 5.031g. 
cm− 3. Rietveld refinement of the YET0.5 pattern obtained by annealing 
of the PYET at 1100ºC illustrated in Fig. 4b confirms that the ceramic 
powders exhibited a cubic C-type structure (orange solid line), 
composed by sixteen unit formula, C3i, S6 space group, with a precision 
fitting (red circle points) in which (Rw) was 17.59, and crystal density 
(ρXRD) of 5.03.gcm− 3. As reported by Couteres et al. [50] the cubic 
C-type form is the predominant structure for most rare earth sesqui
oxides (RE2O3), even though the type of crystal structure of yttria can be 
A-type (monoclinc), B-type (hexagonal), and C-type (cubic). Some 
studies [51–53]reported that the forms A\B-type of yttria are achieved 
under high temperature and pressure. On the other hand, C-type form is 
the most common structure of yttria, being stable even in high range of 

temperature (800̊C < T < 2400̊C). Furthermore, the present results 
reveal that cubic C-type yttria based nanoparticles can be formed under 
thermal treatment at 1100◦C for 2h, and the use of europium and 
thulium as activators did not change the crystalline form of yttria 
(C-type form, BGMN structure file 04-005-4378), which evidences a 
substitutional character of co-doping. It is not evidenced any substantial 
difference in crystalline structure of other compositions of YET (Fig. 4c – 
4e), the refining results revealed a very small noise from the obtained 
patterns and calculated ones (purple curves), and the following Rw and 
ρXRD values for all samples evaluated are shown in Table 2. 

Therefore, the results revealed that the co-doping process of yttria 
with europium (2at.%) and thulium (0.5-2.0at%) did not promote 
remarkable changes in crystalline structure of yttria, where all samples 
exhibited cubic C-type form. This result is in accordance with our recent 
study on europium-yttria nanoparticles [38], and with the solidification 
diagram of the rare earth sesquioxides (RE2O3) [50], where the cubic 
C-type form is the most predominant crystalline phase for Y, Eu, and Tm 
based sesquioxides. In addition, the crystallite size (dc) of the YET 
powdered compositions increased according to Tm content (Fig. 5). 
However, from 0.5 to 1.0at.%Tm the slight decrease of dc may be 
attributed to the relaxation of strain that occurred in the lattice. Apart 
from 1.0 up to 2at.%Tm a substantial increase of dc was noticed, and 
may be attributed to the replacement of Y ions by Tm ions in the crystal 
lattice, resulting in expansion of the unit cell volume. Nevertheless, as 
nanoparticles have secondary phases the increase of dc is not directly 
proportional to dopant content, as reported by some authors [54–56]. 

The material properties usually rely on the type of chemical bonding 
between the elements that form its structure, on the microstructure, and 
on the electronic distribution structure. From a solid state perspective, 
the distribution of the electrons, including their orientation have a great 
effect on the material response such as luminescence [57], mechanical 
strength [58], magnetism [59], and thermal conductivity [60]. The 
electron density distribution is related to the coordination of the ele
ments (atoms/molecules), which form the chemical environment in a 
crystal lattice, and can contribute to elucidate a particular property of a 
material. In terms of radiation dosimetry, the capacity of a material to 
provide a suitable dose-response behaviour is a requirement. 

The electron density maps of the YET compositions obtained in range 
of -1.46 to +1.46eÅ− 3, AB projection, electron map voxel size of 0.40Å, 
and Fobs – Fcalc, are illustrated in Fig. 6a. At low density region, it is 
noticed that “pure” yttria exhibited mostly medium and low sites of 
electron density (yellow, green, and blue contours) due to yttrium (Y) 
atoms are majority surrounded by few oxygen (O) atoms and vacancies, 
while at high density region few sites of high density were formed due to 
the presence of Y atoms surrounded by three O atoms (red contours). 
Doping yttria with europium (Eu) and thulium (Tm) induced changes on 
its electron density distribution. At low density region, it was observed 
that the electron density around element sites (YET0.5 and YET1.5 com
positions) was very low compared to high dose region (few red contour 
lines). Besides, YET0.5 composition presented the highest electron den
sity among all compositions prepared. From atomic view (electrons, 
protons and neutrons), it is stated that all protons are situated in the 
nucleus, and the presence of the nucleus can be observed in sites with 

Table 2 
Results of Rietveld refinement of the YET powdered compositions.  

Composition ρXRD (g. 
cm− 3) 

Rwp 

(%) 
Lattice parameter [a] 
(nm) 

Structure 

Y2O3 5.03 20.77 1.060420±0.000042 Cubic C- 
type YET0.5 5.03 17.59 1.060595±0.000076 

YET1 5.03 18.14 1.060595±0.000010 
YET1.5 5.03 18.15 1.060676±0.000079 
YET2 5.03 13.87 1.060595±0.000076 

Composition: YETX, x ranging from 0.5-2at.%Tm, and Y2O3 is “pure” yttria; ρXRD 
is the sample density calculated by Rietveld refinement; Rwp is the goodness 
refinement index. 
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positive charge density values. The insertion of europium and thulium 
into yttria lattice, where Tm and Eu have atomic numbers (Z) of 69, and 
63 respectively, and larger than Y (39), lead to imply that theirs nucleus 
contain the highest number of protons. Moreover, it is seen that the 
similarity of the electronegative character of the rare-earth constituents 
(Y, Eu, Tm) led to deformation of the high density sites (red contour 
lines), which indicates an electron path through rare-earth constituents. 

Therefore, the results indicate that YET0.5 clusters have high-charge 
density regions improved by the presence of Tm and Eu activators. 

The unit cell of yttria is represented by topological models [61] as 
ball-and-stick (Fig. 6b) and polyhedral-ball-thick (Fig. 6c), respectively. 
The unit cell contains 16 formula units, with 32 cations that constitutes 
24 sites of C2 symmetry, including 8 sites of C3i symmetry. Besides, the Y 
atoms (gold) are octahedrally coordinated by O atoms (dark blue) as 

Fig. 5. Variation of the cristallite size (dc) of the YET powders as a function of thulium content (atomic percentage, at%Tm).  

Fig. 6. Crystal features of the YET powdered compositions prepared with up to 1.5at.%Tm: (a) electron density maps; and representations of the unit cell of yttria as 
(b) ball-and-stick model; and (c) polyhedral ball-thick model. 
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illustrated in Fig. 6b. As evidencied by Rietveld refinement results 
(Fig. 4), the dopants used (Tm3+ and Eu3+) uniformly replaced Y3+ ions 
in sites (C2; S6,C3i), which means no formation of second phases neiher 
disordered of the lattice. 

Particle size distributions of YET powders illustrated in Fig. 7 
revealed that all samples exhibited a narrow particle size distribution, 
where a mean particle size (d50) was less than 150nm. In addition, the 
YET 1.5 powders presented the smallest d50 of 97nm among all 

Fig. 7. Particle size distribution of YET powdered compositions by PCS: (a)YET0.5, (b)YET1, (c)YET1.5, and (d)YET2. d50 is the mean particle size corresponding to 
50% fraction (accumulated mass); Sp is span - the particle size difference between d90 and d10 fractions; PI is the polidispersity index. 

Fig. 8. Particle characteristics of YET powdered compositions: (a) Span x FAG, (b) dBET x d50, and (c) SSA x ρ. Sp is span, the particle size difference between d90 and 
d10 fractions; FAG is the agglomeration factor; dBET is the particle size calculated from specific surface area (SSA) data; d50 is the mean particle size; and ρ is the 
pycnometric density. 

S.C. Santos et al.                                                                                                                                                                                                                                



Materialia 30 (2023) 101829

8

compositions obtained. However the highest poly-dispersion index (PI) 
of 26.6 was recorded for this composition, due to the effect of attraction 
forces on thinner particles that produces large agglomerate of particles. 
Additionally, the difference between the fraction distributions d90 and 
d10 (span, Sp) varied from 8 to 89nm (Fig. 8a), which corresponds to 
91.75% of YET1.5 d50. Moreover, the agglomeration factor (FAG) which is 
the ratio of d50 and dBET increased as Tm content increased, except for 
YET2 composition, and indicates that YET particles tend to agglomerate 
easily due to their nano scale. The values of dBET (Fig. 8b) varied from 
35-242nm according to YET composition (0-2at.%Tm). It is important to 

emphasize the difference between dBET and d50 values, where the first is 
calculated based on SSA results, considering gas adsorption phenomena 
over all particulate system, while the second come from laser diffraction 
due to Brownian motion of particles. Furthermore, dBET can be consid
ered a precision parameter that expresses as near as possible the real size 
of the particles. The pycnometric density (ρ) of YET compositions did not 
alter considerably as Tm content increased due to low concentration of 
the dopant. 

The results illustrated in Fig. 8a-8c reveal that co-doping yttria with 
Tm by hydrothermal synthesis provided changes on particle character
istics such as, particle size distribution (d10, d50, d90), agglomeration 
factor (Fag) specific surface area (SSA), and pycnometric density(ρ). The 
particle size is a key issue in powder processing, seeing that it affects 
further stages of processing such as mixing, dispersion, shaping, and 
sintering. Besides, it changes the characteristics of the powdered mate
rial, including the final characteristics of the material. Liu et al. [62] 
observed that the ultraviolet light scattering coefficient of gray Si3N4 
based particles decreases as the particle size increases. Pu et al. [63] 
improved considerably the microstructure and mechanical properties of 
TiP/VW94 composites, by using Ti particles as reinforcement (d50 1-7µm 
and 10-55µm), where elongation increased by 48%. Chen et al. [64] 
observed that the viscosity of the alumina suspensions decreases as the 
fraction of fine powder increases. In addition, samples prepared with 0.1 
fraction of fine powder and sintered at 1550◦C exhibit a flexural strength 
of 78.15 ± 3.50 MPa and porosity of 30.12 ± 0.08%. 

SEM images of YET powders with 0.5at%Tm illustrated in Fig. 9 
reveal that the proposed synthesis method provided plated-like 
powdered agglomerates of size higher than 100µm (Fig. 9a). These 
large agglomerates are constituted by thinner particles (Fig. 9b) that are 
bonded together weakly due to the action of attraction forces, forming a 
particulate net. Taking in account that the size of these particles are in 
nano scale range and the SEM equipment has a limited resolution to 

Fig. 9. SEM images of YET powders containing 0.5at.%Tm: (a) general view of 
agglomerate of particles with plate shape and size higher than 100µm, and (b) 
internal view of a powdered agglomerate, revealing thinner particles whose size 
is in nano scale range. 

Fig. 10. EPR spectra of YET powders prepared with up to 2at.%Tm by hydrothermal synthesis, followed by annealing at 1100◦C for 2h in air atmosphere, and 
recorded in a range of magnetic field (a) from 150 to 450mT (general view); (b) from 330 to 375mT and highlighting P1 and P2 peaks; and (c) from 150 to 175mT, 
showing P3 peak. 
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observe thin powders, unfortunately, the SEM image illustrated in 
Fig. 9b did not reveal clearly the shape of YET particles. However, in our 
previous study [38], rounded thulium-yttria particles were obtained by 
performing this same synthesis method. Like particle size, the shape of 
particles can have influence on ceramic processing, as well as, on the 
final features of the material/component produced. Innovative ap
proaches have been reported to control the shape of particles, providing 
particles with smart shapes such as, flow-like [65], solid cube [66], 
hollow cube [66], from nanorods to nano-spherical [67], and flow-like 
to mesoporous [68]. 

Co-doping yttria with europium and thulium (YET) has the aim to 
improve the EPR response of yttria by promoting new electron defects 
(traps and radicals). These traps can improve the capacity of the host 
material (yttria) to keep the energy received from ionizing radiation 
(dose) and release it under a procedure of stimulation. The energy 
released by the material as stimulated is usually proportional to the 
dose, a condition that indicate the ability of a material to “measure” the 
dose applied during a procedure in which ionizing radiation was used 
and it is the aim of dosimetry. 

The EPR spectra of YET compositions prepared with up to 2at% Tm 
are illustrated in Fig. 10. The results indicate that YET samples exhibited 
three EPR peaks assigned as P1, P2, and P3 which position recorded in the 

magnetic field, g-values, and peak widths changed due to Tm content 
(Table 3). The position of P1 peak was recorded in a range of magnetic 
field from 348.64 to 349.82mT, while P2 and P3 peaks were recorded in 
a range of magnetic field from 348.64 to 349.82mT, and from 163.72 to 
163.92mT, respectively. The main peak P1, with and g-value ranging 
from 1.98744 to 1.99089, is due to adsorption of the oxygen from the 
thermal annealing atmosphere [69], forming interstitial O2– ion as 
observed previously by Osada et al. [70] for Y2O3-CaO based samples, 
Singh et al. [71] for Er:Y2O3 powders, and Bordun et al. [72] for “pure” 
yttria. Additionally, the peak P2 recorded in a range of magnetic field 
from 356 357mT, line width varying from 1.40 to 4.68, and g-value 
ranging from 1.96574 to 1.98124 is ascribed to F+ centers, i.e oxygen 
vacancies containing a remaining electron. Moreover, the peak P3 
recorded in a range of magnetic field from 163.72 to 167.84mT, line 
width varying from 2.68 to 3.80mT, and g-value ranging from 4.28811 
to 4.29021 can be ascribed to the presence of Tm3+ ions integrating 
yttria lattice. Such result was also noticed during our last investigation 
on Tm:Y2O3 rods produced by bio-prototyping, where peak P3 was 
recorded at 367.64 mT, with a line width of 1.0mT, and g-value of 
1.9162. 

Considering the recent achievements on EPR characterization of 
yttria based materials reported by our group, including the new findings 
presented in this study, it is noticed that the conditions of synthesis and 
processing of particles have a great influence on the EPR response of 
yttria. During our recent study on “pure” yttria rods [32], two EPR peaks 
(p1 and p2) were observed, where p1 was recorded at 352mT, with a 
g-value of 2.020, and a line width around 2.3mT, whereas p2 was 
recorded at 357mT, with a g-value of 2.040, and a line width around 
2.3mT. Moreover, it was noticed that the incorporation of RE ions in 
yttria structure leads to significant changes on its paramagnetic features. 
Europium-yttria micro rods exhibited four EPR peaks assigned as (a) and 
(b) recorded at 163.5 mT and 248.0 mT, with g-values of 4.2960 and 
2.8540, respectively. The main peak c1 was recorded at 352mT, with 
line width of 6mT and g-value of 2.0040, whereas c2 was recorded at 

Table 3 
EPR parameters of the YET powdered compositions as-synthesized.  

YET (at.%) g-value Peak width (mT)  

P1 P2 P3 P1 P2 P3 

0 1.99089 1.96574 - 6.56 1.08 - 
0.5 1.98887 1.98124 4.29021 3.00 4.92 3.28 
1.0 1.98774 1.98124 4.29916 3.04 4.92 3.08 
1.5 1.98744 1.98124 4.28811 3.04 1.80 3.80 
2.0 1.98796 1.98124 4.28602 2.88 1.96 2.68 

YET (0at.%) refers to Y2O3; “-” not available; P1, P2, and P3 are the EPR peaks 
observed in YET compositions. 

Fig. 11. EPR spectra of YET0.5 powdered composition as-synthesized (no dose – green line) and irradiated with 5kGy (magenta line), recorded in a range of magnetic 
field (a) from 150 to 450mT with the following resonance peaks P1, P2, and P3; (b) from 330 to 375mT, where the radiation effect on peak shape, peak width, and 
peaks positions (P1 and P2) of samples was evidenced. 
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357mT, with line width of 1.8mT and g-value of 1.9690. While 
thulium-yttria powders (Tm:Y2O3) exhibited an EPR spectra with two 
resonance peaks (P1 and P2) recorded at 350 mT and 164 mT, 

respectively. [38] On the other hand, the peak P2 was not observed in 
the EPR spectra of Tm:Y2O3 rods sintered at 1600◦C for 2h in air at
mosphere, which reveals that peak P2 is not stable at high temperature. 
[39] 

The EPR spectra of YET0.5 powders as-synthesized and irradiated 
with 5kGy are illustrated in Fig. 11. The results presented in Fig. 11a 
reveal that irradiated samples exhibited sharpen EPR spectra, in which 
the main peak P1 peak recorded with a range of g-values from 2.01036 to 
2.01799 showed a narrow shape, while the peaks P2 and P3 recorded 
with a range of g-values from 2.01036 to 2.01799 (Table 4), and 
recorded with a range of g-values from 2.01036 to 2.01799, respec
tively. Besides, this peaks presented lower intensity as compared to the 
spectra of the as-synthesized powders. This result evidences the insta
bility of P2 and P3 peaks under high dose irradiation. Moreover, as 
illustrated in Fig. 11b, the irradiation with 5kGy promoted a little shift of 
the resonance peaks (P1, P2), from 350.7mT to 348.6mT and 350.7mT to 

Table 4 
EPR parameters of the YET powdered compositions irradiated with 5kGy.  

YET (at.%) g-value Peak width (mT)  

P1 P2 P3 P1 P2 P3 

0 2.01036 1.97037 - 2.00 1.96 - 
0.5 2.01799 1.98125 4.29337 2.80 4.74 2.72 
1.0 2.01738 1.97991 4.29468 3.20 4.68 3.68 
1.5 2.01663 1.97791 4.29884 2.84 1.40 4.00 
2.0 2.01798 1.98051 4.29449 2.76 1.64 2.76 

YET (0at.%) refers to Y2O3; “-” not available; P1, P2, and P3 are the EPR peaks 
observed in YET compositions. 

Fig. 12. EPR spectra of YET powdered compositions with up to 2at.%Tm as irradiated with 5kGy dose (60Co), and recorded in a range of magnetic field (a) from 330 
to 375mT, with the resonance peaks P1 and P2; and (b) from 150 to 175mT, with the resonance peak P3. 

Fig. 13. Peak to peak height of the EPR response of the YET powdered compositions prepared with up to 2at.%Tm. The orange curve represents samples with no dose 
(as-synthesized), whereas the purple curve represents the irradiated ones with 5kGy (60Co). The green rectangle indicates the composition with most intense peak to 
peak EPR response, while the red rectangle suggests the one with behaviour of recombination trough defects, leading to decrease of the peak to peak EPR signal. 
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353.2mT, respectively. 
The irradiation effect on promotion of EPR spectra of YET powdered 

compositions is illustrated in Fig. 12. According to results, non- 
additional resonance peak was observed in any compositions. The 
YET0.5 sample presented the most intense EPR signal among all com
positions prepared. The main peak P1 exhibited a sharp and narrow 
shape, while it was noticed that the intensity of peak P2 was reduced 
considerably, which indicates that the radical is not stable under high 
dose irradiation. On the other hand, the peak P3 remained stable and 
with higher intensity. The present results reveal that YET samples with 
distinct compositions presented a sensitivity to ionizing radiation, in 
which the YET0.5 composition exhibited the most significant result. 

As result of co-doping, the activators selected in this study (Eu, Tm) 
improved considerably the EPR response of yttria as shown in Fig. 13. 
The peak to peak height of the main peak P1 was considered as a 
reference. It is clearly evidenced that no irradiated samples presented 
low EPR response, being less than 2.106a.u., due to the low number of 
radicals formed during synthesis and processing. However, this scenario 
changed remarkably as samples were irradiated with 5kGy, where the 
peak to peak EPR signal achieved values three times higher than those of 
no irradiated samples. Besides, the YET0.5 sample exhibited the highest 
peak to peak EPR response among all compositions prepared (high
lighted by a green rectangle), in accordance with those results reported 
previously and illustrated in Fig. 11a and 11b. 

Moreover, the YET1.5 composition (Fig. 13) presented the lowest EPR 
response of all, while the YET2.0 composition exhibited a great EPR 
response (highlighted by red rectangle) due to recombination of electron 
defects. It has been noticed in EPR studies on yttria based materials 
reported by the group that the addition of great quantity of rare-earth 
dopant does not improve the EPR response of yttria, in fact it has an 
undesired effect on it, by reducing the EPR response to ionizing radia
tion. Europium-yttria rods prepared with 10at.%Eu exhibited low EPR 
peak to peak response in a range of dose from 0.001 up to 100kGy, 
whereas those containing 2at.%Eu presented higher peak to peak EPR 
response, and with linear behaviour in a range of dose from 0.001 to 10 
kGy. [33] During the study on thulium-yttria particles doped with up to 
2at.%Tm (thulium) [38], it was noticed that as-synthesized powders 
with 2at.%Tm exhibited the highest peak to peak EPR response. On the 
other hand, powdered compositions with 0.1 and 0.3at.%Tm presented 
outstanding peak to peak EPR response among all compositions. 

Yttria has as intrinsic features great number of oxygen vacancies and 
symmetry axis C2, and C3i, S6. As a great quantity of dopant is used e.g. 
rare-earth dopant (RE), most of it can be located at C3i,S6 axis, where the 
probability of electron transitions is low i.e the EPR response is also low. 
Besides, increasing the quantity of dopants in a host material reduces 
directly the distance between RE-ions in its lattice, which in turn leads to 
more interference between them, and concentration quenching. On the 
other hand, when RE-ion is located at C2 symmetry, the electron tran
sitions are facilitated, resulting in higher EPR response. Therefore, using 
lower quantity of rare-earth dopants usually provide substantial number 
of electron defects in yttria lattice and enhance its capacity to trap a 
higher number of unpaired electrons as it is subjected to ionizing radi
ation. The present achievements reveal that YET0.5 composition exhibits 
the most effective EPR dose-response signal and indicate that this ma
terial is worth of studying to develop advanced materials for radiation 
dosimetry. 

4. Conclusion 

Europium-thulium-yttria (YET) powdered compositions containing 
up to 2at.%Tm, with cubic C-type form, mean particle size less than 
150nm, and electron paramagnetic resonance (EPR) response, were 
produced by a relative low temperature hydrothermal synthesis, fol
lowed by annealing at 1100◦C for 2h in air atmosphere. YET nano
particles prepared with 0.5at.%Tm exhibited the most significant peak 
to peak EPR response as irradiated with 5kGy among all compositions. 

The present results demonstrated that YET nanoparticles are promising 
materials for new dosimetric components. 
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