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A B S T R A C T   

Europium doped Gd2O3 sphere-like nanoparticles with dm = 9.3 ± 3.5 nm were synthesized by cw CO2 laser 
vaporization technique in a flowing mixture of argon and oxygen. According to XRD data, the Eu:Gd2O3 
nanoparticles crystallize in the monoclinic symmetry class (C2/m space group). High-resolution luminescence 
spectroscopy study showed that the ultra-narrow 5D0 → 7F0 transition of Eu3+ demonstrates only two peaks 
corresponding to two inequivalent Cs positions of Eu3+ ion in monoclinic Gd2O3 lattice that is explained by the 
peculiarities of local environment of Eu3+ ion at these sites. The hypersensitive transition 5D0 → 7F2 dominates in 
the spectrum and is expanded to the red part of the spectrum in comparison with cubic Eu:Gd2O3 due to intense 
transitions terminating at higher-lying components of the crystal-field-split 7F2 state. In the luminescence 
spectrum, an additional weak band with the maximum at 407 nm corresponding to the electronic transitions 
4f65 d1(7FJ) → 4f7(8S7/2) of Eu2+ was detected. The obtained values of chromaticity coordinates and absolute 
quantum yield are (0.644; 0.325) and ca. 1%, respectively. The phase transformations have been investigated 
using differential scanning calorimetry and thermogravimetry (50–1400 ◦C). After annealing in air at 700 ◦C, the 
monoclinic symmetry class of the Eu:Gd2O3 nanoparticles is preserved and the particle size increases to dm =

17.8 ± 6.1 nm. After annealing, the chromaticity coordinates (0.659; 0.334) and absolute quantum yield (ca. 4%) 
can be obtained using red phosphor based on monoclinic Gd2O3:Eu3+. The lifetime of the excited 5D0 state of 
Eu3+ in the annealed nanoparticles is longer than that in the as-synthesized nanoparticles, due to the suppression 
of nonradiative decay after annealing.   

1. Introduction 

Nowadays investigations of the new red phosphors are of interest to 
the material research community. The rare earth sesquioxides are one of 
the typical phosphor matrices for activators emitting in the red spectral 
region. Among such activators, trivalent europium is most frequently 
used. The red color of phosphors with Eu3+ activator is determined by 
the distribution of intensities between luminescence bands originating 
from the higher-lying 5D0 state and terminating at the low-lying 7FJ (J =

0–6) states. The hypersensitive 5D0 → 7F2 transition typically dominates 
in efficient phosphors since its large oscillator strength induced by the 
crystal field is favorable to prevent radiationless losses. The intensity 
distribution of transitions between individual crystal-field-split sub
components within this band varies from host to host, and typically the 
maximum of emission lies between 610 and 620 nm [1,2]. 

Among the rare earth sesquioxides, the Gd2O3 host for Eu3+ is 
attractive due to its optical properties, good chemical durability, ther
mal stability, and low phonon energy. Moreover, gadolinium is a rare 
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earth element that has paramagnetic properties and can be used in 
magnetic resonance imaging (MRI), fluorescence imaging, X-ray 
computed tomography (CT), and neutron capture therapy for cancers 
[3–8]. This makes it possible to develop compounds based on Gd2O3 as 
potentially bifunctional materials with both the luminescent and mag
netic properties. 

Three structures were found in the sesquioxides, including Gd2O3, 
known as hexagonal (P3m1), cubic (Ia3), and monoclinic (C2/m) phases. 
The most comprehensive studies of luminescence were made for Eu3+ in 
cubic c-Gd2O3 [4,5,7–16]. In c-Gd2O3:Eu3+, the structure of lumines
cence bands originating from the 5D0 state and terminating at the 7FJ (J 
= 0–6) states, in particular, the most intense emission bands of the 5D0 → 
7F2 with λmax of ca. 611 nm, is due to centrosymmetric C3i and 
non-centrosymmetric C2 anionic environments of the Eu3+. The lumi
nescence of monoclinic m-Gd2O3:Eu3+ obtained by combustion syn
thesis, high-pressure high-temperature synthesis, and high-temperature 
flame spray pyrolysis was investigated in Refs. [17–24]. The modifica
tion of Eu3+ luminescence spectra in the monoclinic polymorph with 
respect to the cubic one was shown. Three nonequivalent sites of Cs local 
symmetry (A, B, and C) in m-Gd2O3:Eu3+ were identified with 
high-resolution luminescence spectroscopy. 

In recent decades, attention has been paid to the study of nano
particles due to a qualitative change in the physical and chemical 
properties of materials at the nanoscale, especially in the size range of 
10 nm. The variety of morphologies and sizes is widely researched due to 
their potential applications in various industries [25,26]. Nano
phosphors, including Gd2O3, have been produced by many synthesis 
techniques, including solution combustion, single-source precursor, 
coprecipitation, flame spray pyrolysis, sol-gel, etc. Previously, terbium 
doped m-Gd2O3 nanoparticles were prepared by laser ablation in liquid 
using a microsecond Nd:YAG laser [6]. In this study, the CO2 laser 
vaporization (LAVA) technique was used for the preparation of Eu: 
Gd2O3 nanophosphor. The advantage of the LAVA method is the possi
bility to control multiple parameters of a setup during the synthesis of 
softly agglomerated nanoparticles with multicomponent composition 
[27–31]. This opens the possibility of intentional control over such 
properties of the produced materials as the particle size distribution, 
composition, and stoichiometry. Besides, chemical impurities are 
virtually absent in the final nanomaterials, in contrast to the chemical 
synthesis. We have previously shown that the europium doped Y2O3 
spherical nanoparticles with the diameter of ca. 10 nm obtained via cw 
CO2 LAVA are crystallizing in the monoclinic symmetry class (C2/m 
space group) [31]. The europium doped Gd2O3 nanoparticles obtained 
by the LAVA method are expected to crystallize in the same class of 
symmetry. The structure, morphology, and luminescent properties of 
such nanoparticles have not been previously analyzed in detail. 

The aim of the present study is to obtain nanoparticles of europium 
doped Gd2O3 via cw CO2 laser vaporization in a flowing mixture of 
argon and oxygen and to investigate the morphology as well as the 
structural and luminescent properties of the obtained nanophosphor by 
means of high-resolution spectroscopy. 

2. Experimental techniques 

2.1. Synthesis of europium doped Gd2O3 nanoparticles 

Eu:Gd2O3 ceramic targets for vaporization were prepared using ni
trate salts Eu(NO3)3⋅6H2O (99.7%) and Gd(NO3)3⋅6H2O (99.7%), 
respectively. Purity of the starting materials was determined by XRF 
analysis. The synthesis of nanoparticles included a preliminary me
chanical mixing of the initial salts followed by their drying, calcination 
and press molding to obtain pelletized targets from the powders; after 
that, nanopowders were produced by laser vaporization of the targets. 

Before obtaining the mechanical mixtures, loss on ignition (LOI) was 
estimated at 550 ◦C for each of the initial salts. To this end, 1 g samples 
of each salt were dried under similar conditions in an air flow at 110 ◦C/ 

6 h and then calcined stepwise at 250 ◦C/2 h and 550◦С/4 h. The ac
quired LOI data were used to calculate the amount of initial components 
(wt.%) required for the synthesis of samples with the desired composi
tion Gd1.9Eu0.1O3 (10 wt% Eu). After estimating the LOI values, neces
sary amounts of the initial salts were mixed for 30 min to ensure the best 
distribution of the Eu-containing component. The prepared mixtures 
were then dried in an air flow at 110◦С/6 h and calcined stepwise at 
250◦С/2 h and 550◦С/4 h. After that, samples with the composition 
Gd1.9Eu0.1O3 were loaded in a vacuum press mold to obtain pellets with 
the diameter 18 mm and thickness 2.6 mm. Relative density of the 
pellets (related to zero porosity) was 45–55%. Prior to vaporization, the 
pellets were additionally annealed at 850 ◦C during 4 h. The phase 
composition of the target was controlled by XRD. According to XRD 
data, the initial Gd1.9Eu0.1O3 ceramic target was represented by the 
well-known cubic Ia-3 phase. 

Europium doped Gd2O3 nanoparticles were synthesized in a two- 
chamber laser vaporization setup [29–31]. The setup consists of a 16 L 
external sealed steel chamber operating in a pressure range of 0.1 
Pa–200 kPa, vacuum post, laser radiation input, and systems for optical 
control, target control, gas feeding, and chamber pressure control. Eu: 
Gd2O3 ceramic targets were vaporized from a copper crucible in the 
internal chamber with a coaxial labyrinth scheme for particle separation 
in a gas flow. Particles entrained by the flow were deposited on ash-free 
paper filters with the diameter of 110 mm, which separate the vapor
ization chamber from the vacuum pumping channel. The vaporization 
process is visually controlled through a cylindrical quartz housing of the 
internal chamber using a glass lens, which serves also as a window of the 
external chamber. Vaporization took place when continuous radiation of 
a CO2 laser with a 103 W power was focused on the target (radiation 
wavelength 10.6 μm, generation power up to 110 W on one TEM00 
transverse mode, output beam diameter 8 mm, divergence in the 
far-field region 3 × 10− 3 rad) at a spot with the diameter 0.4–0.5 mm, 
where the boiling zone formed; the melting zone had the diameter of 
2–3 mm. Vaporized oxides and radicals were cooled and condensed in a 
flow of Ar (99.998%) and O2 (99.7%) gases, which were fed through the 
nozzle coaxially with the laser beam. The typical gas flow rate was 130 
and 15 L/h for Ar and O2, respectively. Vaporization was performed at a 
10 kPa (0.1 bar) pressure of the Ar and O2 gas mixture in the chamber. 
The chamber with the target was preliminarily sealed and evacuated 
using a backing pump to obtain a residual pressure of 0.02 Pa. Finally, 
after cooling the chamber to room temperature and its opening, a 
sample of Eu:Gd2O3 nanopowders was collected from the filter, ground 
to obtain the fine mesh powders, and studied by physicochemical 
methods. At the specified conditions of Eu:Gd2O3 nanoparticles syn
thesis by laser vaporization, the rate of nanopowder vaporization and 
deposition on the filer was 860 mg/h. In addition, a part of the produced 
Gd1.9Eu0.1O3 nanopowder was annealed in air at 700◦С for 4 h. Sche
matic diagram of the synthesis process of Eu:Gd2O3 nanoparticles is 
shown on Fig. 1. 

2.2. Characterization of europium doped Gd2O3 nanoparticles 

Elemental analysis of the sample was made using X-ray fluorescence 
spectroscopy (XRF) on an ARL – Advant’x analyzer (Thermo Scientific) 
with the Rh anode of the X-ray tube. Local analysis of elemental 
composition of the sample was performed on an energy-dispersive EDS 
spectrometer QUANTAX 200-TEM (Bruker) with a XFLASH detector at 
energy resolution of ca. 130 eV (in Supplementary material (SM)). The 
morphology of Eu:Gd2O3 nanoparticles was characterized by high- 
resolution transmission electron microscopy (HRTEM) on a JEM-2010 
(JEOL) electron microscope and a Themis-Z3.1 instrument (TFS) 
equipped with a X-FEG monochromator and CS/S double corrector at 
accelerating voltage 200 kV. Samples were deposited by an ultrasonic 
disperser onto standard carbon-coated copper grids, which were fixed in 
a holder and introduced in the chamber of electron microscope. Phase 
composition of the Eu:Gd2O3 nanoparticles was revealed by X-ray 
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diffraction (XRD) analysis. X-ray diffraction patterns were recorded on a 
Bruker D8 diffractometer using a CuKα source and scanning over the 
range of reflection angles 2θ = 10–75◦ with a 0.05◦ step and accumu
lation time 3 s. Lattice constants and average crystallite sizes were 
determined by Rietveld refinement with use of TOPAS software (Bruker, 
Germany). Specific surface area (Ssp) of Eu:Gd2O3 nanoparticles was 
calculated according to BET using low-temperature nitrogen adsorption 
at 77 K on a DigiSorb- 2600 (Micromeritics) automated volumetric in
strument. All the samples were subjected to thermal pretreatment in 
vacuum at 200 ◦C and residual pressure 10− 4 mm Hg for 5 h. Thermal 
analysis of the sample was carried out using an STA 449С Jupiter 
(NETZSCH) instrument for synchronous thermal analysis, which com
bines differential thermal analysis (DTA) and thermogravimetry (TG) in 
a single measurement. Samples were examined in a corundum crucible 
using an oxidizing atmosphere. Air was fed to the chamber with the 
sample at a rate of 30 ml/min. An inert gas (He) was delivered to the 
weighting unit at a rate of 20 ml/min. The sample was heated at a rate of 
2◦С/min from room temperature to 50◦С and held at this temperature 
for 60 min. This was followed by the temperature-programmed heating 
to 1400◦С at a rate of 10◦С/min. 

Steady-state emission and excitation spectra and photoluminescence 
lifetimes were measured using a Horiba Jobin Yvon Fluorolog 3 spec
trometer equipped with a 450 W Xe lamp, Czerny–Turner double grating 
(1200 grooves per mm) excitation and emission monochromators, and 
an FL-1073 PMT detector. Emission spectra were recorded from 360 to 
800 nm and corrected for the spherical response of the monochromators 
and the detector sensitivity using typical correction spectra provided by 
the manufacturer. For an absolute quantum yield of solid sample 
(PLQYs) measurements, a Spectralon covered G8 integration sphere 
(GMP SA, Switzerland) was coupled to the spectrometer. According to 
our estimates, a consistent experimental error for the PLQYs measure
ments did not exceed 15%. High-resolution luminescence spectra were 
obtained using a Horiba JobinYvon T64000 spectrometer and GaN laser 

excitation source at the central wavelength of 408 nm. 

3. Results and discussion 

3.1. Morphological, structural and thermal analysis 

As shown by the elemental analysis performed by XRF, after vapor
ization of the Gd1.9Eu0.1O3 ceramic target, Eu enters the composition of 
the produced Gd2O3 nanoparticles with the concentration of 10.46 ±
0.13 wt%. The Eu concentration chosen for the study is close to the 
range of values (≤7 mol.%) used in Refs. [14,15] for Eu:Gd2O3 with the 
cubic structure. At such a concentration, the concentration quenching is 
absent, and hence the highest photoluminescence emission intensity of 
Eu3+ is reached. 

Multiphase or oxide nanoparticles with the mixed composition are 
currently synthesized using the co-LAVA method [27–31]. This implies 
simultaneous vaporization of a mixture of at least two initial homoge
neous powders. The composition of the resulting nanoparticles depends 
on the individual characteristics of each initial component, its thermo
physical properties, reactivity, and the ratio of components upon mix
ing. According to the literature, the interaction of IR radiation with a 
substance having a power density below 1 MW/cm2 is predominantly 
the thermal interaction. At atmospheric pressure, the typical melting 
and boiling points for Eu2O3 and Gd2O3 are Tm = 2290 ◦C, Tb = 3790 ◦C, 
and Tm = 2350 ◦C, Tb = 3280 ◦C, respectively. The difference in Tm and 
Tb for the initial compounds is the main cause for depletion of the 
component with a higher vaporization rate. Detailed XRF and EDX 
studies of the produced nanomaterial revealed that the content of Eu and 
Gd in the Eu:Gd2O3 nanopowder depends on the number of vaporization 
cycles of the initial ceramic pellet. 

After vaporization of the initial target, substantial changes occur in 
the structure and morphology of Eu:Gd2O3. Fig. 2a and b displays 
HRTEM images of the obtained as-synthesized Eu:Gd2O3 nanoparticles 

Fig. 1. Schematic diagram of the synthesis process of Eu:Gd2O3 nanoparticles.  
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and the frequency based particle diameter distribution, Fig. 2c. 
TEM images of the Eu:Gd2O3 sample demonstrate that the particles 

have a sphere-like form and are represented by spherically 3D nano
crystallites. The mean particle diameters dm and standard deviation σ 
were calculated from size histograms. For the Eu:Gd2O3 sample, the 
mean size value and its standard deviation are equal to dm = 9.3 ± 3.5 
nm. The as-prepared nanopowder has a high crystallinity. HRTEM im
ages (Fig. 2c) of the sample show interplanar distances that can be 
attributed mainly to monoclinic Eu:Gd2O3 (PDF# 42–1465). Fig. S1a, b 
show also the local analysis data on the elemental composition of Eu: 
Gd2O3 sample. According to EDX data, Eu:Gd2O3 nanoparticles have a 
composition with the Gd/Eu atomic ratio of ca. 89.72/10.28 (averaged 
over different local parts of the sample). Individual Eu2O3 particles were 
not detected by EDX. 

After annealing of the Eu:Gd2O3 sample at 700◦С, morphological 
changes occur due to agglomeration of nanoparticles, Fig. 3a and b. The 
particle diameter distribution (Fig. 3c) shows that the agglomeration is 
more pronounced for smaller nanoparticles. The average particle size 
increases to dm = 17.8 ± 6.1 nm. Fig. 3 shows that the crystalline quality 
of monoclinic phase also increases because the atom moves to the 
favorable position. The interplanar distances in the sample can also be 
attributed mainly to monoclinic Eu:Gd2O3 (PDF# 42–1465). 

Rietveld refinement showed that all peaks on the XRD patterns of as- 
synthesized Eu:Gd2O3 and the sample annealed at 700 ◦C can be fitted 
by monoclinic cell (C2/m space group) with lattice constants close to 
those of Gd2O3 (PDF#42–1465), Fig. 4 and Table 1. However, one can 
see that lattice constants and, consequently, unit cell volumes of Eu: 
Gd2O3 are a little bit larger than these parameters of pure Gd2O3 because 
the ionic radius of Eu3+ (1.07 Å) is higher than that of Gd3+ one (1.05 Å). 

In addition, average particle sizes D and microstrain (a local 

deviation of d-spacings from the average value) charactered by the 
parameter ε were determined with the use of Rietveld refinement. In as- 
synthesized sample, the average particle size is ~9 nm. The ε value is 
very high (ε = 0.015) for as-synthesized sample. The origin of high 
values of microstrain are usually point defects like interstitial or missing 
atoms, or substitution with different atoms. One-dimensional defects, 
like screw dislocations, or two-dimensional defects like twin boundaries 
may also cause microstrain, e.g. if the atoms at the boundary need to be 
slightly displaced in order to match the lattices of both domains. 
Annealing at 700 ◦C leads to the increase in particle sizes from 9 nm to 
19 nm) and reduction of microstrain from 0.015 to 0.007. Main pa
rameters of processing and refinement of the Eu:Gd2O3 nanoparticles are 
presented in Table 1. Rietveld refinement of coordinates of cationic 
positions is presented in Table S1 (SM). 

Thus, the cubic crystalline structure of the initial ceramic target Eu:c- 
Gd2O3 is destroyed upon vaporization, and under the conditions of 
nanoparticles’ formation within the chamber the monoclinic structure is 
formed with probability close to 100% due to an additional hydrostatic 
pressure component, resulting from the Gibbs-Thomson effect [32] 
under the indicated conditions. Similar results on the synthesis of 
monoclinic Eu2O3 and Y2O3 nanoparticles are reported in Refs. [32,33]. 
The similar case is the formation of crystalline films via PLD, when 
initial state of the target (either ceramics or glassy one) plays no role in 
the nature of the forming film [34]. 

Fig. 5 displays thermal analysis data for as-synthesized m-Eu:Gd2O3 
nanoparticles measured in the temperature range 50–1400 ◦C in air. As 
seen in Fig. 5, an endothermic effect with a maximum at 108 ◦C is 
observed in the temperature region of 50–200 ◦C, which may be caused 
by the removal of adsorbed water from the surface of nanoparticles [8, 
35–37]. Weight losses in this region are equal to 2.6 wt%. In the region 

Fig. 2. a, b - HRTEM images of as-synthesized Eu:Gd2O3 nanoparticles with interplanar spacing (b); с – the frequency based particle diameter distribution of the 
nanoparticles (log normal (black curve) distribution). 
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Fig. 3. a, b - HRTEM images of Eu:Gd2O3 nanoparticles annealed at 700 ◦C with interplanar spacing (b); с – the frequency based particle diameter distribution of the 
nanoparticles (log normal (black curve) distribution). 

Fig. 4. Rietveld refinement of the XRD patterns of Eu:Gd2O3 nanoparticles:. (a) as-synthesized, R = 2.2%; (b) annealed at 700 ◦C, R = 2.4%. Blue line is the dif
ference between experimental and simulated patterns. 
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of 200–700 ◦C, there is an extended exothermic peak with a distinct 
maximum at 327 ◦C and a shoulder near 200 ◦C, which are caused by the 
removal of adsorbed CO and CO2 molecules, respectively [8,36,37]. 
Weight losses in this region are equal to 7.3 wt%. One can see in Fig. 5 
that the main part of organic molecules is removed from the sample 
upon heating up to ca. 800 ◦C. According to Ref. [38], the removal of a 
small NO amount is observed also for monoclinic Eu:Y2O nanoparticles 
at 200–350 ◦C and 550–700 ◦C. A broad exothermic effect in the region 
of 700–1200 ◦C with the maximum near 900 ◦C may be caused by the 
transformation from monoclinic to cubic phase. Accordingly, 700 ◦C was 
chosen as the annealing temperature. Total weight losses for the sample 
at 1400 ◦C are equal to 10.2 wt%. Since nanoparticles are synthesized in 
the vaporization-condensation chamber at a constant pumping of Ar as a 
buffer gas, the adsorption of water and organic molecules on the surface 
of Eu:Gd2O3 nanoparticles occurs after the removal of the sample from 
the chamber and proceeds via the entrainment of water vapor and 

organic molecules from the ambient atmosphere by the highly devel
oped surface of nanoparticles. 

3.2. Luminescent analysis 

3.2.1. Emission study 
Fig. 6 displays PL spectra of as-synthesized m-Eu:Gd2O3 and m-Eu: 

Gd2O3 samples annealed at 700 ◦C in comparison with that of the initial 
cubic Eu:Gd2O3 sample. The PL spectra were obtained at λex = 270 nm. 
The luminescence spectrum of the as-synthesized Eu:Gd2O3 nano
particles excited at λex = 270 nm is dominated by the intraconfigura
tional 4f – 4f transitions of Eu3+ ions covering the 570–750 nm range. 

The bands observed in the ranges 570–588, 588–605, 605–644, 
644–674 and 674–725 nm correspond to transitions from the excited 5D0 
level of Eu3+ ion to sublevels of the ground state 7FJ (J = 0–4). The 
570–588 nm range contains the 5D0 → 7F0 transition, which is strictly 
forbidden in the presence of local mirror symmetry according to the 
standard Judd-Ofelt theory. For a single inequivalent site of Eu3+ ion 
within a crystal structure, this transition contains a single line with the 
intensity that typically is the lowest among all bands starting from the 
5D0 level. The local symmetry as low as Cnv, Cn or Cs makes this tran
sition visible [1,2]. According to earlier studies, in the monoclinic Gd2O3 
nanoparticles, there are three nonequivalent point sites of Eu3+ usually 
referred to as A, B, and C, each of them of Cs symmetry [17–24]. In such 
sites, Eu3+ is seven-fold coordinated. The coordination of two possible 
Eu3+ ion sites can be described by six oxygens at the apexes of a trigonal 
prism with the seventh oxygen atom along a normal to the face [20]. The 
spectral region of the ultra-narrow transition 5D0 → 7F0 of trivalent Eu3+

ions is presented in Fig. 7 in more detail. The luminescence spectrum of 
the monoclinic Eu:Y2O3 nanoparticles prepared in Ar is given in Fig. 7 
for comparison. 

For m-Eu:Gd2O3, two pronounced ultra-narrow transitions are 
detected that are peaking at 578.5 and 581.9 nm. The neighboring peak 
at 584.2 nm (observable in Fig. 6) must be ascribed to the manifold of 
5D1 → 7F3 transitions. Therefore, luminescence from only two inequi
valent sites of Eu in m-Eu:Gd2O3 can be seen in the luminescence at 5D0 
→ 7F0 transitions. The explanation for this fact is as follows. As 

Table 1 
Lattice constants of monoclinic unit cell a, b, c, β, volumes V, average sizes D of Eu:Gd2O3 nanoparticles and microstrain ε (according to XRD).  

Compound a, Å b, Å c, Å β, ◦ V, Å3 D, nm ε 

as-synthesized 14.094(1) 3.581(1) 8.778(1) 100.2(1) 436.1(3) 9 0.015 
annealed at 700 ◦C 14.103(2) 3.583(1) 8.778(1) 100.1(1) 436.6(2) 19 0.007 
PDF#42-1465 14.09 3.576 8.769 100.08 435.24 – –  

Fig. 5. TG, DTG and DTA curves of as-synthesized Eu:Gd2O3 nanoparticles.  

Fig. 6. The PL spectra of the as-synthesized m-Eu:Gd2O3 and m-Eu:Gd2O3 nanoparticles annealed at 700 ◦C and cubic Eu:Gd2O3 (λex = 270 nm, T = 300 K). 
Luminescence bands originate from the 5D0 starting level and terminate at 7FJ levels, as indicated. PL spectra in the region of 370–500 nm are shown in more 
detail (b). 
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mentioned above, all three inequivalent sites in Gd2O3 that can be 
occupied by Eu3+ ions are of Cs local symmetry. However, the degree of 
mirror symmetry violation at these sites can be different, and in case of 
nanoparticles obtained via vaporization, actual local symmetry can 
experience the influence of crystal structure defects. XRD from the 
nanoparticles evidently shows that their structure is monoclinic; how
ever, it is not possible to determine in which positions Gd3+ ions are 
partially substituted by Eu3+ ions. This occurs because Gd3+ and Eu3+

ions differ only by one electron and are indistinguishable from each 
other in terms of XRD characteristics. Therefore, we examined the 
structure of the monoclinic Gd2O3 resolved in Ref. [39]. Really, among 
three different sites of Gd, the one specified as Gd3 in the paper cited 
above has a much smaller deviation from the geometrical center of 
GdO7 polyhedron. This center, when occupied by Eu3+, must produce a 
reduced luminescence peak height and, moreover, in case of imperfect 
crystal structure within a nanoparticle, it is suspected to lose the mirror 
asymmetry. At the same time, two other Gd centers occupied by Eu show 
almost the same peak amplitudes of the luminescence, and both lumi
nescence lines experience the same chemical shift to the blue, though 
the magnitude of this shift is different. From this observation, another 
explanation can be the suggested, namely, the prevalence of the Eu 
occupation of Gd sites with a stronger violation of the mirror symmetry. 
We believe that this is the case observed in our Eu:m-Gd2O3 nano
particles, though, in fact, no decisive distinction between these two 
possible explanations can be done at present. 

In the 588–605 nm spectral range the luminescence band is observed 
with three distinct components peaking at λmax = 591.3, 595.0 and 
601.0 nm. These lines are the components of magnetic dipole 5D0 → 7F1 
transition, the intensity of which is independent of the local symmetry of 
Eu ion. In the 605–644 nm range, the most intense luminescence band is 
positioned with the noticeable maximum at 623.5 nm (Fig. 6). Another 
intense line is positioned at λmax = 615.0 nm, while less intense com
ponents are peaking at λmax = 609.0 nm, λmax = 618.0 nm, λmax = 627.0 
nm, and λmax = 630.0 nm. These are the components of hypersensitive 
crystal-field-induced 5D0 → 7F2 transition. The structure of 5D0 → 7FJ 
luminescence band does not change after annealing of the Eu:m-Gd2O3 
sample in accordance with XRD data. However, the improvement of the 
crystallinity, which can be suspected from the comparison of XRD pat
terns of as-synthesized and annealed nanophosphor, results in a two-fold 

growth in the intensity of the 5D0 → 7F2 transition. In the cubic structure 
of lanthanide oxides, Eu3+ ions are located in two crystallographically 
nonequivalent sites with the six-fold coordination: one possessing C2 
point symmetry and another of S6 site symmetry [4,5,7–16]. The most 
intense component of the 5D0 → 7F2 transition of Eu3+ within the cubic 
structure of Gd2O3 is positioned at 611.0 nm [4,5,7–16]. In our starting 
target material Eu:c-Gd2O3, the 5D0 → 7F2 transition maximizes at λmax 
= 611 nm, Fig. 6. The chromaticity of phosphors based on Eu3+ is mainly 
determined by the 5D0 → 7F2 transition. For as-synthesized m-Eu:Gd2O3 
nanoparticles and for m-Eu:Gd2O3 nanoparticles annealed at 700 ◦C, the 
5D0 → 7F2 transition is maximized at 623.5 nm, with the red shift of 
about 12.5 nm as compared to cubic Eu:Gd2O3 samples. This indicates 
the possibility of applying the Eu:Gd2O3 nanoparticles obtained by laser 
vaporization as red nanophosphor with improved chromaticity. One 
may note from Fig. 6 that intensity of the electric dipole 5D0 → 7F2 
transition is noticeably higher than that of the magnetic dipole 5D0 → 
7F2 transition. This feature indicates a sufficient degree of inversion 
symmetry violation in the local environment of Eu3+ ions. The lumi
nescence of m-Eu:Gd2O3 and m-Eu:Gd2O3 nanoparticles annealed at 
700 ◦C in the 644–674 nm and 674–725 nm spectral ranges is due to 5D0 
→ 7F3 and 5D0 → 7F4 transitions of Eu3+ ions, respectively. 

The weak PL band under excitation at 270 nm, which is detectable in 
the spectral region 370–500 nm with λmax = 407 nm (Fig. 6b), can be 
attributed to the luminescence centers related to Eu2+ ions that possess 
the interconfigurational 4f65 d1 - 4f7(8S7/2) transition. The excitation 
channel of this transition looks like Eu2+ (4f7) + hν → Eu2+* (4f65d1). 
Additionally, the 370–500 nm spectral range may also contain the 
luminescence of oxygen vacancies in different charge states. Anion va
cancies in as-synthesized m-Gd2O3:Eu3+ may be associated with the 
charge compensation of Eu2+ ions within Gd2O3. We have established 
that Eu:Gd2O3 produced in the oxygen-containing environment exhibits 
a reduced luminescence from Eu2+ and an increased luminescence in the 
red region (5D0 → 7FJ). Therefore, vaporization in the presence of oxy
gen reduces the content of oxygen vacancies, as one may expect. Similar 
effects can be observed after annealing of the sample in air, Fig. 6. In this 
case, the stoichiometry of m-Gd2O3 is also improved. Thus, if nano
particles are intended for use as the red phosphor, the synthesis of 
nanoparticles should be carried out in the presence of oxygen for 
decreasing the contribution from the luminescence of Eu2+ ions. Similar 
results were obtained in our earlier study with Eu:Al2O3 nanoparticles 
[40]. This suggests that the PL properties of m-Gd2O3:Eu3+ and other 
oxide matrixes obtained by LAVA can be optimized through the careful 
control of the stoichiometry. 

3.2.2. CIE coordinates 
The CIE color chromaticity coordinates obtained from the PL spectra 

of m-Eu:Gd2O3 nanophosphor are marked on the CIE 1931 chromaticity 
diagram, Fig. 8. 

The change in color of the emitted light from the samples was 
confirmed by the corresponding calculated color coordinates. The values 
of the color chromaticity coordinates (x, y) were found to be (x = 0.644; 
y = 0.325) for as-synthesized m-Eu:Gd2O3, (x = 0.659; y = 0.334) for m- 
Eu:Gd2O3 annealed at 700 ◦C, and (x = 0.649; y = 0.348) for cubic Eu: 
Gd2O3 (Fig. 8). The CIE values of the synthesized m-Gd2O3:Eu3+ samples 
fall in the red region. According to the National Television Standard 
Committee (NTSC), the ideal value of red color coordinates is (0.67, 
0.33). This illustrates that m-Gd2O3:Eu3+ nanoparticles are suitable for 
the luminescent devices and applications. 

3.2.3. Excitation study 
Fig. 9 displays also the photoluminescence excitation (PLE) spectra 

recorded for the band with λmax = 623.5 nm and for λmax = 611 nm. The 
most intense band in the PLE spectrum ranges from 200 to 300 nm with 
the maximum at ca. 250 nm. This band originates from the charge 
transfer (О2− → Eu3+) transition (LMCT). Previously [12], it was re
ported that LMCT lies in the indicated wavelength range both for cubic 

Fig. 7. The emission spectra of the m-Eu:Gd2O3 nanoparticles (red line, λex =

408 nm, T = 300 K) in the spectral region of the ultra-narrow transition 5D0 → 
7F0. Blue line: luminescence of the monoclinic Eu:Y2O3 nanoparticles prepared 
in Ar [31]. 
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and monoclinic Eu:Gd2O3. In the 320–600 nm range, the PLE spectrum 
contains narrow lines due to intraconfigurational 4f – 4f transitions of 
Eu3+. The 300–320 nm range reveals lines at λmax = 307.2 nm and λmax 
= 313.0 nm originating from intraconfigurational 4f – 4f transitions of 
Gd3+. The PLE spectrum of as-synthesized m-Gd2O3:Eu3+ nanoparticles, 
which was recorded for the band with λem = 407 nm, contains two broad 
bands with λem = 290 nm and λem = 330 nm that are assigned to Eu2+. 
These bands are corresponding to the splitting of Eu2+ ion’s 5d band in 
the m-Gd2O3 matrix. 

3.2.4. PL quantum yield and decay study 
The experimentally measured PLQY values at λex = 395 nm for the 

as-synthesized m-Gd2O3:Eu3+ and m-Gd2O3:Eu3+ nanoparticles 
annealed at 700 ◦C were 1 and 4%, respectively. The acquired PLQY 
values are much lower than 26% and 21% obtained for the initial c- 
Gd2O3:Eu3+ phosphor and m-Y2O3:Eu3+ nanophosphor produced also 
by laser evaporation with similar particle sizes [31]. According to TG 
analysis, the samples contain a considerable amount of adsorbed OH, CO 
and CO2 molecules, which are the main initiators of PL quenching. 
Obtained PLQY for laser-synthesized m-Gd2O3:Eu3+ is just the same as 
that earlier obtained for combustion-synthesized m-Gd2O3:Eu3+ with 
close values of europium concentration and nanoparticle sizes [17]. 
Therefore, employment of laser vaporization did not helped to overcome 

insufficient quantum efficiency of this system in comparison with 
combustion-synthesized m-Gd2O3:Eu3+. 

The PL kinetics for as-synthesized m-Gd2O3:Eu3+, m-Gd2O3:Eu3+

nanoparticles annealed at 700 ◦C, and c-Gd2O3:Eu3+ samples was 
measured for the most intense band corresponding to the transition 5D0 
→ 7F2 (λem = 623.5 and 611 nm) upon excitation at λex = 270 nm, 
Fig. 10. 

As seen in Fig. 10, the PL kinetics of the as-synthesized m-Gd2O3: 
Eu3+ (λem = 623.5) and m-Gd2O3:Eu3+ nanoparticles annealed at 700 ◦C 
is adequately described by the bi-exponential decay function: 

I =A1e− t/τ1 + A2e− t/τ2,

where τ1 and τ2 are the lifetimes of the excited state 5D0. 
The corresponding lifetime values were τ1 = 1.69*10− 3 s and τ2 =

0.24*10− 3 s. Nanostructured oxide host matrices typically have two 
exponents in the PL kinetics of 4f activators [40–42]. The presence of 
several components is commonly attributed to the existence of several 
nonequivalent sites of impurity ions. The value for the “slow” compo
nent in PL kinetics is typical of the intrasite f – f transitions in Eu3+ ions. 
The presence of the “fast” component in PL kinetics testifies to the 
presence of an additional nonequivalent Eu3+ site in the structure of 
nanosized Gd2O3. In our case, these values strongly differ from each 

Fig. 8. The CIE 1931 coordinate for as-synthesized m-Gd2O3:Eu3+ (1), m-Gd2O3:Eu3+ annealed at 700 ◦C (2), and c-Gd2O3:Eu3+ (3) nanophosphors upon excitation 
at 270 nm (left) and a luminescence image of the as-synthesized Eu:Gd2O3 nanophosphor in a quartz cuvette under UV light excitation (Hg lamp irradiation at 365 
nm) in contrast to the initial c-Gd2O3:Eu3+ phosphor. 

Fig. 9. a – PL excitation spectra of the as-synthesized m-Gd2O3:Eu3+, m-Gd2O3:Eu3+ nanoparticles annealed at 700 ◦C, and c-Gd2O3:Eu3+ (λem = 623.5 and 611 nm, 
T = 300 K). b – The PL excitation spectrum of as-synthesized m-Gd2O3:Eu3+ nanoparticles (λem = 407 nm, T = 300 K). 
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other. So they can hardly be attributed to Eu3+ sites with the typical 5D0 
→ 7F0 transitions that are displayed in Fig. 7. As shown in Ref. [41], Eu3+

ions in nanosized Y2O3 with the cubic crystal structure (the average 
particle size 40–50 nm) can reside in the normal (C2 and C3i) and defect 
sites, where they have strongly differing decay times. This suggests also 
that the “fast” component also corresponds to the defect sites. Most 
likely, in the case of Eu:Gd2O3 nanoparticles, defect sites of Eu3+ ions are 
located predominantly near the surface of nanoparticles, which has 
quite a high Ssp value of 60 m2/g for the tested nanoparticles. After 
annealing, the decay time for both components increases to τ1 =

1.91*10− 3 s and τ2 = 0.45*10− 3 s due to the weakening of nonradiative 
processes. The results obtained are consistent with the data reported in 
Refs. [17,42]. The increase in the lifetime value after annealing of 
Gd2O3:Eu3+ samples was attributed to the particle size effect. For 
c-Gd2O3:Eu3+ phosphor, the kinetics is also described more adequately 
by the bi-exponential decay function with the typical lifetimes τ1 =

2.24*10− 3 s and τ2 = 1.07*10− 3 s. The PL kinetics of the as-synthesized 
m-Gd2O3:Eu3+ for the band with λem = 407 nm at λex = 330 nm is 
described by exponential fitting with the lifetime 130*10− 6 s. This value 
is typical of the interconfigurational 4f7 → 4f65d1 transition to Eu2+. 

4. Conclusion 

Europium doped Gd2O3 sphere-like nanoparticles with a specific 
surface area of 60 m2/g were synthesized by cw CO2 laser vaporization 
technique in a flowing mixture of argon and oxygen. According to 
HRTEM data, the Eu:Gd2O3 nanoparticles have a sphere-like shape and a 
high crystallinity. The size of Eu:Gd2O3 nanoparticles established by 
HRTEM is dm = 9.3 ± 3.5 nm, which is close to the coherent scattering 

region revealed by XRD. XRD analysis shows that laser vaporization 
enables crystallization of Eu:Gd2O3 nanoparticles in the crystal structure 
belonging to monoclinic symmetry class (C2/m space group). The most 
intense photoluminescence band in the red spectral region is attributed 
to the Eu3+ ions emission. Luminescence spectra of monoclinic Gd2O3: 
Eu3+ show a strong modification with respect to cubic Gd2O3:Eu3+. The 
luminescence spectrum in the vicinity of the ultra-narrow 5D0 → 7F0 
transition of Eu3+ demonstrates only two peaks corresponding to two 
inequivalent positions of Eu3+ ion with Cs symmetry in the monoclinic 
Gd2O3 lattice that is explained by the peculiarities of local environment 
of Eu3+ ion at these sites. The hypersensitive transition 5D0 → 7F2 with 
the maximum at 623.5 nm dominates in the spectrum and expands to the 
red part of the spectrum due to intense transitions terminating at higher- 
lying components of the crystal-field-split 7F2 state. In the luminescence 
spectrum, an additional weak broad band with the maximum at 407 nm 
corresponding to electronic transitions 4f65 d1(7FJ) → 4f7(8S7/2) of the 
Eu2+ was detected. The obtained luminescence excitation spectra and 
luminescence decay kinetics confirm this assignment. The obtained 
values of chromaticity coordinates and absolute quantum yield are 
(0.644; 0.325) and ca. 1%, respectively. 

According to differential scanning calorimetry and thermogravim
etry data, the single-phase monoclinic Eu:Gd2O3 is thermally stable up 
to a temperature of 900 ◦C. After annealing of Eu:Gd2O3 nanoparticles in 
air at 700 ◦C, the monoclinic symmetry class is preserved and the par
ticle size increases to dm = 17.8 ± 6.1 nm. The chromaticity coordinates 
(0.659; 0.334) and absolute quantum yield (ca. 4%) obtained after 
annealing make it possible to use red phosphor based on monoclinic 
Gd2O3:Eu3+. The CIE values of the synthesized m-Gd2O3:Eu3+ samples 
fall in the red region as compared with the initial Gd2O3:Eu3+ having the 

Fig. 10. Photoluminescence decay curves (log scale) of the as-synthesized m-Gd2O3:Eu3+ (λem = 623.5) (a), m-Gd2O3:Eu3+ nanoparticles annealed at 700 ◦C (λem =

623.5) (b), and c-Gd2O3:Eu3+ (λem = 611 nm) (c), λex = 270 nm, T = 300 K. Photoluminescence decay curves (log scale) of the as-synthesized m-Gd2O3:Eu3+ (λem =

407 nm), λex = 330 nm, T = 300 K (d). 
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cubic structure. Moreover, after annealing in air, the intensity of the 
Eu2+ luminescence band decreases. 

Therefore, complete stabilization of the Eu3+ valence state in m- 
Gd2O3 is promising for creating a new source of red color for various 
applications, while optimization of the Eu3+/Eu2+ content and excita
tion wavelength is the potential way for producing white phosphor. The 
lifetime of the excited 5D0 state of Eu3+ in the as-synthesized nano
particles is shorter than that in nanoparticles after annealing, due to the 
enhancement of nonradiative processes. 
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