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ABSTRACT

This paper provides the detailed study of (nano)particle's size effect on structural and luminescent properties of
LaPO4:Eu®" synthesized by four different methods: high temperature solid-state, co-precipitation, reverse mi-
celle and colloidal. These methods delivered monoclinic monazite-phase submicron particles (> 100 nm), 4 x
20 nm nanorods and 5 nm spheres (depending on the annealing temperature), 2 X 15 nm nanorods, and ultra-
small spheres (2 nm), respectively. The analysis of emission intensity dependence on Eu®* concentration showed
that quenching concentration increases with a decrease of the particle size. The critical distance for energy
transfer between Eu®* ions is found to be 18.2 A, and the dipole-dipole interaction is the dominant mechanism
responsible for the concentration quenching of emission. With the increase in Eu®" concentration, the unit-cell
parameter slightly increases to accommodate larger Eu®* ions at sites of smaller La®>* ions. Photoluminescent
emission spectra presented four characteristic bands in the red spectral region: at 592 nm (°Dy—"F,), at 612 nm
(°Do—"F3), at 652 nm (°Dy—"F3) and at 684 nm (°Dy—"F,), while in small colloidal nanoparticles additional
emission bands from host defects appear at shorter wavelengths. Intensities of f-f electronic transitions change
with particles size due to small changes in symmetry around europium sites, while emission bandwidths increase
with the reduction of particle size due to increased structural disorder. Judd-Ofelt analysis showed that internal
quantum yield of Eu®>* emission is strongly influenced by particle's morphology.

1. Introduction

In recent times, much attention has been focused on luminescent
nanomaterials due to their unique chemical, structural and physico-
chemical properties, and their prospective applications in manu-
facturing nanoscale electronic, optoelectronic and sensing devices
[1-3]. Luminescent nanomaterials are used in everyday life due to their
employment in distinct fields of science and technology, like cathode
ray tubes (CRTs), flat panel display devices, temperature sensors, lasers,
solar-cells, biological imaging, solid-state lighting but also as carriers
for miscellaneous therapeutic drugs [4,5]. The production and mar-
keting of cost-effective, energy-saving and size-reduced nanomaterials
with different shapes are of major importance for a development of
multifunctional optical, magnetic and electrical properties and func-
tions and to unfold new domain of theoretical and technological im-
portance [6,7]. It is well known that optical properties of luminescent
materials depend on properties of the host material and the electronic
structure and concentration of the rare-earth ions [8,9]. In case of
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nanomaterials, optical properties are also influenced by the size and
morphology of particles, generally showing reduced quantum efficiency
of emission in small-size particles. Therefore, efforts in enhancing of
emission intensities of rare-earth activated nanoparticles relay on the
understanding of mechanisms responsible for this enhancement
[10,11].

Lanthanide orthophosphates (LnPO,) have several polymorphic
forms: hexagonal, tetragonal, and monoclinic. Among them, monoclinic
(monazite) phase of lanthanum phosphate (LaPO,4) is perchance the
most studied one. Rare-earth doped LaPO, represents an important
class of luminescent nanomaterials. An orthophosphate host has proven
to be suitable for production of efficient down-shifting and up-conver-
sion materials [12-14]. In addition, monazite LaPO, has attractive
properties such as low water solubility [15], high chemical, thermal
and photo-stability [16], and large index of refraction (n = 1.85)
[17-19]. It can be easily doped with different trivalent lanthanide ions
without need for the charge compensation due to the same valance and
similar ionic radii between La and lanthanide dopants [20]. A great
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Table 1

Literature review on methods of synthesis, morphologies, particle size and dopant's optimal concentration for rare-earth doped LaPO, particles.

Compound Method of synthesis Morphology Size (diameter X length) Optimal concentration
LaPO, Hydrothermal [34] spherical 2 um -
irregular grain-like 50-250 nm -
nanorods 100 nm 500 nm -
LaPO,:Eu®* hydrothermal (strongly alkaline solution) [35] nanoparticles 10-50 nm 5 mol%
hydrothermal method (acidic solution) [35] fibers 5-20 nm X several micrometers 5 mol%
hydrothermal [36] microspheres 5-8 um 5 mol%
hydrothermal [37] rod-like 10-20 nm X 100-600 nm 14 mol%
combustion [38] spherical 0.5-3 um 5 mol%
oil-bath route [39] abundant irregular particles 700-1200 nm X 500-1000 nm 20 mol%
sol-gel [40] nanotube 20-200 nm 5 mol%
molten-salt [41] quasihexagonal 300 nm 8 mol%
precipitation [42] nanowire 33nm x 0.1-2 pm 15 mol%
LaPO4:Sm>* co-precipitation [43] nanowires 7-8 nm x several hundred nm 2 mol%
hydrothermal [44] nanorods 100-400 nm 4 at%
peanut-like 100-120 nm X 200 nm
LaPO4:Dy>"* sol-gel [45] cuboids 10 nm 10 at%
LaPO4Er** precipitation [46] nanoparticles 125nm 3 mol%
solid-state [19] bulk sub-um to few pm 0.05 mol%
LaPO4:Tb** microwave assisted co-precipitation [47] nanorods 10-15nm x 300-800 nm 15 mol%
hydrothermal method [48] nanorods 40-50 nm X 350-400 nm 5 mol%
hydrothermal technique [49] nanowires 7-20nm X 2.5 pm 11 mol%
LaPO,:Ce®* hydrothermal (EDTA assisted) [50] rod-like 80 nm X 400 nm 20 mol%

peanut-like

100-120 nm X 200 nm

LaPO,:Ce®* /Tb3+ hydrothermal [50] bunch-like 100 nm x 500 nm 20 mol% Ce*
15 mol% Tb**
microwave-assisted nanorods 60nm X 300 nm 40 mol% Ce>*
co-precipitation [51] bundles 20 mol% Tb3*
LaPO4:Pr*™* spray pyrolysis [52] hollow spheres 50-100 nm 2 mol%
LaPO4:Gd®* re-crystallization method [53] irregular spherical 2-10 um 0.04 mol%
solid state [54] spherical 0.2-2.0 pm 0.5 mol%
hydrothermal method [55] nanorods 200-700 nm 3 mol%
LaPO4:Nd®* microwave [56] agglomerates creating balls 700 nm 10 mol%
LaPO4:Er®* /Yb®+ co-precipitation method [57] Rod-like 30-50 nm 20 mol% Yb3*

LaPO4:Tm3 *@CNT co-precipitation method [58] -

1 mol% Eu®*

number of methods has been developed for the synthesis of un-doped
and lanthanide doped LaPO, such as: co-precipitation [21,22], sono-
chemical approach [23], combustion route [24], mechanical milling
[25], electrospinning method [26], etc., (as it is given in Table 1). These
methods provide LaPO, of different morphologies and particle size:
nanoparticles (10-50 nm), microspheres (0.5-10 um), hollow spheres
(50-100 nm), nanorods (with diameter 10-80nm and length
400-600 nm), short nanotubes, nanowires (of 5-35 nm diameter and
length up to several micrometers), as well as particles with unusual
morphologies such as the bunch-like (100 X 500 nm) and the peanut-
like (100-120 x 200 nm).

Up to now, the size effect on photoluminescent properties of several
different hosts doped with Eu®* ions has been studied [27-29]. Mostly,
the ratio of red (°Dy—"F,) and orange (°D,—’F;) emission intensities
has been observed to increases with the decrease of particle size.
Herein, the goal was to thoroughly investigate the size effect on the
structure and luminescence of LaPO4:Eu®* nanophosphors. Materials
were prepared by four different methods of synthesis: solid-state, co-
precipitation, reverse micelle and colloidal in accordance to the
methods used for syntheses of the lanthanide-doped GdVO, [30-33].
The size effect on luminescent emission intensities and decays, struc-
ture, and morphology were analyzed by steady-state and time-resolved
photoluminescence spectroscopy, X-ray diffraction, scanning and
transmission electron spectroscopy, and diffuse reflection spectroscopy.
In addition, Judd-Ofelt analysis of Eu®" emission was performed to
evaluate radiative properties of Eu®>* in different-size hosts.

2. Experimental
2.1. Materials and methods

The Eu3+-doped LaPO4 and EuPO, nanoparticles (NPs) and na-
norods (NRs) of different particle sizes were synthesized by four
methods (colloidal, reverse micelle, co-precipitation and solid-state) by
analogy to the methods presented in our previous papers [30-33]. All
chemicals: lanthanum(III) oxide, La;03 (99.99%, Alfa Aesar), europium
(II1) oxide, Euy03 (99.9%, Alfa Aesar), lanthanum(IIl) nitrate hexahy-
drate La(NO3); X 6H,0 (99.99%, Alfa Aesar), europium(IIl) nitrate
hexahydrate, Eu(NO3); X 6H,0 (99.9%, Alfa Aesar), ammonium hy-
drogen phosphate, (NH4)>HPO, (98.0%, Alfa Aesar), Na3C¢Hs0,; X
2H,0, trisodium citrate dihydrate (= 99%, Sigma Aldrich), cyclo-
hexane, Triton X-100, and n-pentanol were of the highest purity com-
mercially available and were used without further purification. Milli-Q
deionized water (electrical resistivity = 18.2 MQ cm ™ 1) was used as
solvent.

2.2. The high-temperature solid-state method

The bulk Eu®*-doped LaPO, particles were prepared by a high-
temperature solid-state method. In a typical synthesis, the La,O3 and
Eu,0s5 (in concentration ratio of 1, 2, 5, 10, 15 and 20 mol% Eu®* with
respect to La®™ ions) and (NH,4),HPO,, were homogeneously mixed by
dry grinding and heated for 1 h in open crucibles at 800 °C. The pro-
ducts were removed from the furnace, cooled down to room



temperature, finely ground, and reheated at 1100 °C for 3 h to complete
the reaction. After that, the powder was homogeneously ground, wa-
shed with 2 M NaOH solution water, and methanol and was calcined at
1150 °C for 90 min to improve the crystallinity of material and to re-
move ligands attached to particle surfaces during the washing step.
Throughout the manuscript, the samples prepared with solid state
technique will be denoted as bulk, non-regular spheres (S-LaPO,4) with
size more than 100 nm.

2.3. The co-precipitation method

The LaPO4:x mol% Eu®* (x = 1, 2, 5, 10, 15, 20) NRs were syn-
thesized by chemical co-precipitation technique. Appropriate amount of
(NH,4),HPO, was dissolved in water (pH = 12). A mixture of aqueous
solutions of La(NO3); X 6H,0 and Eu(NO3); X 6H,0 (in concentration
ratio of 1-20 mol% Eu®* with respect to La®* ions) was added drop-
wise in a (NH4),HPO, solution. A formed milk-white opalescent pre-
cipitate of LaPO4:Eu®" was additionally heated and stirred at 60 °C for
1 h. The pH value of the milk-white suspension was about 9. The pre-
cipitate was separated from the suspension by centrifugation, and wa-
shed several times with distilled water to adjust the pH value to 7.
Finally, the collected powder of LaPO,:Eu®" was dried at 60 °C in the
air for 20 h (later in the text denoted as “as-prepared” sample). To
improve their crystallinity and to get particles with different size and
morphology, the as-prepared powder was additionally annealed at
600 °C for 2 h. Throughout the manuscript, the samples prepared with
the co-precipitation technique will be denoted as nanorods 4 nm X
20 nm (P-LaPO4-ap) and nanospheres 5 nm (P-LaPO,4-600C).

2.4. The reverse micelles method

The LaPO,4: x mol% Eu®™ (x = 1, 2, 5, 10, 15, 20, 30, 50, 75) and
EuPO, stoichiometric compound with NRs morphology were synthe-
sized by reverse micelles method. A typical synthesis performed at
room temperature was as it follows. Three different solutions were
prepared: i) an oil phase formed by mixing cyclohexane, Triton X-100,
and n-pentanol in a corresponding volume ratio, ii) a mixture of aqu-
eous solutions of La(NO3); X 6H,0 and Eu(NO3); X 6H5O (in corre-
sponding concentration ratio of Eu®" ions with respect to La®* ions),
and iii) an aqueous solution of (NH4)>HPO,. In the next step, the oil
phase and solution of (NH,),HPO, were mixed, and the solution con-
taining La®* (Eu®") ions was added into the obtained mixture under
continuous magnetic stirring. After 1 h of stirring at room temperature
and 24 h aging, the white colloid dispersion containing reverse micelles
was obtained. Then, methanol was added to destabilize the solution and
the resulting precipitate was separated by centrifugation and washed
several times by methanol and water. The collected precipitate was
dried at 60 °C in the air for 20 h. Throughout the manuscript, the
samples prepared with the reverse micelle technique will be denoted as
nanorods, 2nm X 15 nm (M-LaPO,).

2.5. The colloidal synthesis

Colloidal LaPO4:x mol%Eu®* (x = 0, 1, 5, 10, 15, 20, 30, 50, 75)
and EuPO, stoichiometric compound with NPs morphology were syn-
thesized by analogy to the method presented in our previous paper
based on the GdVO4:Eu3+ [30]. In brief, the solution of trisodium ci-
trate dihydrate was added drop by drop to the mixture of La(NO3)3 X
6H,0 and Eu(NO3)3 X 6H,0 solution in the stoichiometric ratio (so-
lutions were mixed in corresponding concentration ratio of Eu>* ions
with respect to La®>* ions up to stoichiometric EuPO,4) at room tem-
perature. The white precipitate consisting of the La®* (Eu®*)-Git>-
complex is formed, and then completely dissolved by a vigorous stirring
and the addition of (NH4),HPO, solution. Further, the resulting trans-
parent solution was stirred for 1 h at room temperature. The dialysis
against distilled water for 24 h was utilized for the removal of excess

ions. Powder samples were obtained by evaporation of aqueous col-
loidal solutions. Throughout the manuscript, samples prepared with the
colloidal technique are denoted as nanoparticles, 2 nm (K-LaPO,).

2.6. Characterization methods and instrumentation

Powder X-ray diffraction (XRD) measurements were performed on a
Rigaku SmartLab diffractometer using Cu-K,;, » radiation (A =
0.15405 nm). Diffraction data were recorded with a step size of 0.01°
and a counting time of 1°/min over the 26 range of 10-90°.
Transmission electron microscopy (TEM) studies were made on a
Tecnai G20 (FEI) operated at an accelerating voltage of 200 kV. For
these measurements, ethanol was used to transfer powder samples to
the grids, and ultrasonic bath to separate agglomerates. An ultrathin
carbon film on holey carbon grids (Agar S187-4) were used to facilitate
measurements of extremely small-size nanoparticles. Luminescence
measurements were performed with an Fluorolog-3 Model FL3-221
spectrofluorometric system (Horiba JobinYvon) utilizing a 450 W
Xenon lamp as an excitation source for steady-state emission mea-
surements, and a Xenon-Mercury pulsed lamp for emission decay
measurements.

3. Results and discussion
3.1. Morphology and structure of LaPOzEu®* particles

Morphologies of LaPO4:5 mol% Eu®* nanoparticles (NPs) obtained
by four different methods were studied by TEM and results are given in
Fig. 1. TEM image of NPs in colloidal form shows ultra-small crystallites
of approximately 2 nm in diameter (Fig. 1a). This finding is consistent
with the crystallite size evaluated from the XRD measurement. It is
interesting to note that similar values of the crystalline domain size and
the microscopically estimated average particle size indicate that each
particle consists of a single crystallite.

Short nanorods (NRs) of approximately 2 nm x15nm (d X I) and
4nm x 20nm (d X D) in size are obtained by reverse micelle and co-
precipitation methods, respectively (Fig. 1b and c). The sample ob-
tained by co-precipitation method additionally annealed at 600 °C
shows single spherical particles about 5 nm in size (Fig. 1d). TEM image
of the bulk sample shows that particles have multi-peak size distribu-
tion and powder is composed of crystallites/particles larger than
100 nm and could be noted as bulk material (Fig. 1le).

3.1.1. The size effect on structural properties of LaPO:Eu>" particles

LaPO, crystallizes in a pure monoclinic monazite phase of a space
group P121/m1 (ICDD card no. 90001647). In the LaPO, crystal lattice,
lanthanum ions are coordinated with nine oxygen atoms forming
polyhedrons (LaOg) that share corner with PO, tetrahedra in which all
four P-O bonds are equivalent. [59] X-ray diffraction patterns of La-
PO4:5 mol% Eu®" samples having particles of different sizes are shown
in Fig. 2. Typical X-ray diffraction patterns of all five series of samples
doped with different concentrations of Eu®* ions are shown in
Supporting information file (Figs. S1-S5).

X-ray patterns are characterized with broad diffraction peaks which
indicate samples with a quite small crystallite size and, possible, con-
taining an amorphous phase. The presence of impurity could not be
excluded solely from XRD patterns due to broad diffraction peaks which
could conceal diffraction peaks of impurity phases. However, photo-
luminescence measurements, discussed later in the text, revealed no
emissions that could be ascribed to Eu®" located in different hosts than
LaPO,. Structural parameters of all LaPO,4:5 mol% Eu®" samples were
derived by the Rietveld refinement of XRD data, and results of the fit-
ting are summarized in Table 2. Microstrain values range from 0.09% to
1.64% and suggest a good ion ordering in the nanocrystals. The average
crystallite size, obtained from the Rietveld analysis, are in the
2.3-50.6 nm range, depending on the method of synthesis. The particle



sizes assessed by TEM are similar to the crystallite size obtained from
XRD measurements for all nanoparticles, excluding bulk material,
suggesting that each small particle comprises a single crystallite.

3.2. Luminescence properties of LaPO.Eu®* and EuPO, particles

3.2.1. Photoluminescence spectra and emission decays

For comparison, emission spectra (excited at 393 nm) of
LaP0O4:10 mol% Eu®* samples obtained by different methods of
synthesis are given in Fig. 3a.

Emission from °Do—’F; magnetic-dipole electronic transition cen-
tered 592 nm is dominant one for all samples except for ultrasmall
(2nm) NPs. In addition, emission spectra show three strong bands,

100 nm

Fig. 1. TEM images of LaPO4:5 mol% Eu®* nano-
particles obtained by four different methods: a) col-
loidal route; b) reverse micelles; ¢) co-precipitation
(without annealing); d) co-precipitation (with an-
nealing at T = 600 °C) and e) solid state reaction at
high temperature.

centered at 612, 652 and 684 nm, from °Dy—’F,, °Do—’F3; and
5Do—’F, transitions, respectively. Emission bandwidths are much
larger in case of nanoparticles than for their bulk counterparts due to
the increased structural disorder in nanoparticles. In bulk LaPO:Eu®*,
the europium site has C1 symmetry [60]. Ultrasmall NPs (2 nm) and
short nanorods (2 nm x 15 nm) show additional broad emission bands
in the visible spectral region. The emission spectrum of short nanorods
shows one broad band that could be attributed to PO,> groups. The
emission spectrum of ultra-small (2 nm) LaPO4:Eu®* NPs shows two
intense broad bands centered at 459 nm (blue emission) and 550 nm
(green emission). These emissions can be attributed to defect emissions
of host material. Due to large surface-to-volume ratio and the sub-
stantial number of surface defects, the symmetry around Eu®* ions is
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Fig. 2. X-ray diffraction patterns of LaPO4:5 mol% Eu®*: a) bulk (nanoparticles > 100 nm), b) nanoparticles (5 nm), c) nanorods (4 nm x 20 nm), d) nanorods (2nm X 15nm) and

colloidal nanoparticles (2 nm).

different than in larger NPs. In this case, the dominant emission is
centered at 612 nm, and is a result of °Dy—"F, transition. To assure that
broad bands centered at 459 nm and 550 nm originate from host de-
fects, an emission spectrum is taken from the un-doped colloidal LaPO,
NPs, Fig. 3b. This spectrum displays bands at 459 nm and 550 nm, but
no emissions from the Eu®*. Blue emission is caused by deep levels and
self-trapped excited luminescence, while the green emission can be
attributed to the recombination of electrons of ionized oxygen va-
cancies with photogenerated holes [61]. High surface-to-volume ratio
of ultra-small NPs plays a major role in the concentration of ionized
oxygen vacancies, and the charge state of these defects promotes the
green emission. Emission decay curves are measured for the >Dy—"F;

Table 2

transition at 592 nm; decay curves obtained with LaP0,:10 mol% Eu®™*
samples are shown in Fig. 4. Emission decays of bulk material and 5 nm
NPs were fitted by a single exponential function. However, decay
curves for 2nm NPs and 2 nm X 15 nm and 4 nm X 15 nm NRs are not
single-exponential, and were fitted by a double exponential function.
The average lifetime, 7,4, was calculated using parameters of a double
exponential fit from the following equation:

AT? + Ayt

T, =
YT AL+ A (@)

where A; and A, are pre-exponential factors; the t; and 7, are lifetime
values. The obtained values of lifetime given in Table 3 were used for

Selected structural parameters of LaPO4:5 mol% Eu®* nanophosphors obtained by Rietveld refinement of XRD data.

Parameters nanoparticles (2 nm) nanorods (2 X 15 nm) nanorods (4 X 20 nm) nanoparticles (5 nm) particles > 100 nm
CS (nm) 2.297 (3) 2.4647 (10) 2.647 (15) 5.16 (3) 50.7 (6)

a (A) 7.0007 (5) 6.878 (14) 6.956 (8) 6.845 (3) 6.83225 (19)
b (Z\) 6.911 (5) 7.070 (13) 7.040 (8) 7.075 (3) 7.0676 (2)

c (1?\,) 6.503 (4) 6.515 (11) 6.498 (8) 6.501 (3) 6.50359 (18)
\Y% (10\)3 314.63 316.81 318.21 314.83 314.04
Strain (%) 1.64 (6) 0.54 (4) 0.58 (5) 0.51 (6) 0.09 (2)
“Rwp (%) 413 11.80 6.80 4.75 5.77

bRp (%) 3.21 9.23 5.15 3.66 4.21

“Re (%) 1.73 8.88 3.80 3.78 3.67

‘GOF 2.38531 1.3292 1.7916 1.2574 1.5745

@ The profile factor (Rp).

" The weighted profile factor (Rwp).

¢ The expected weighted profile factor (Re).
9 The goodness of fit (GOF).
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Fig. 4. Fluorescence decay curves of Eu®* ions for the transition °Dy—’F; at 592 nm for

different size of LaPO,:10 mol% Eu®* systems.

determination of photophysical properties using Judd-Ofelt analysis
(see text in Section 3.2.3.). A difference in model of fitting with reduced
particle size could be explained by an increasing concentration of the
ions (dopant) on the surface of NPs, i.e. with different decays of the
Eu®* ions at the surface and Eu®* ions in the volume of the nano-
particles [62].

3.2.2. The concentration quenching of Eu®>* emission

Emission intensity dependences on Eu®* concentration in
LaPO,:Eu®* particles of different sizes are given in Supporting in-
formation file (Figs. S6-S10). These spectra reveal that maximal emis-
sion intensity is achieved with the 10 mol% doping in cases of bulk
material, 5nm NPs and 4 nm X 20 nm NRs; the further increase in
Eu* concentration causes intensity decrease due to the concentration
quenching. In the case of ultra-small (2 nm) nanoparticles and shorter
nanorods (2nm X 15nm) no concentration quenching was observed
up to Eu®* concentrations which correspond to the stoichiometric
material (EuPO4). The absence of concentration quenching in ultra-
small NPs may be attributed to the phonon confinement, which foster
non-radiative decays during energy migration between Eu®* ions.

To further investigate the nature of concentration quenching in
particles, the critical transfer distance (Rc) of Eult-Eu™ pairs is cal-
culated using Blasse's equation:

1/3
Rc = 2( 3V )
47XcN 2

Here, Xc is the critical concentration, N is the number of Z ions in
the unit cell, and V is the volume of the unit cell. The Xc is 0.1 (which
equals 10 mol%, see Fig. 5) and Z is 1, and values of V are taken from
Table 2 after Rietveld refinement of XRD data. i

The calculated critical distance for energy transfer Rc is 18.2 A.
Three types of nonradiative energy transfer can be considered, the ex-
change interaction, the radiation reabsorption, and the multi-
pole-multipole interaction. Small overlap between excitation and
emission spectra implies that the radiation reabsorption is not a major
mechanism responsible for the concentration quenching. The exchange
interaction is dominant when critical distance between donor and ac-
ceptor ions is smaller than 5 A. Here, the critical distance is around
18 A, which is larger than 5 A, which implies that energy transfer me-
chanism is a multipole-multipole interaction. This interaction may be
of dipole—dipole, dipole-quadrupole, and quadrupole—quadrupole type,
and the type can be determined from the Van Uitert's equation:

1_ Q31
L = K[I4EGR] @

where x stands for Eu* concentrations equal or higher than critical
concentration, I is the emission intensity, while K and {3 are constants.
Depending on the type of interaction, Q can take values of 6, 8 and 10,
for the dipole-dipole, dipole—quadrupole, and quadrupole-quadrupole
interaction, respectively. From the log (I/x) vs log (x) plots, shown as
insets in Fig. 5a—c, Q values were found to be 4.65, 4.11 and 4.44 for
bulk (nanoparticles > 100 nm), nanoparticle (5nm) and nanorods
(4nm x 20 nm), respectively. Therefore, concentration quenching of
Eu®* emission is due to dipole-dipole interaction.

Surface to volume ratio in NPs has a significant effect on their
properties, and it is well-known that the surface to volume ratio in-
creases with the reduction of radius of spherical NPs (see Fig. 6a). Also,
as particle size decreases, a greater portion of the atoms resides on the
particle surface. Here, in case a 2 nm NPs 75% of its atoms are on the
particle surface, for 5 nm NPs 30%, while bulk (> 100 nm) particles
have < 1.5% of their atoms on the surface. In cases of 2nm X 15nm
and 4 nm X 20 nm NRs, 56.5% and 30% of their atoms are located at
the surface, respectively. One should note that particles having > 50%
atoms on the surface (2 nm NPs and 2 nm X 15 nm NRs) did not show
concentration quenching of emission, i.e. they could be heavily doped
with Eu®™, up to stoichiometric EuPO4 NPs. When such high amount of
dopant ions resides on the surface, the surface quenching of emission is
considerable stronger than the concentration quenching, so one is able
to observe only the increase in emission intensity due to larger number
of emission centers upon the increase in dopant concentration. The
dependence of the critical concentration of Eu®* ions for different sizes
of LaPO4:Eu®" NPS is given in the Fig. 6b.



Table 3
Calculated Judd-Ofelt intensity parameters, radiative and non-radiative transition rates, experimentally measured lifetimes, quantum efficiencies and asymmetry ratios of Eu®>* emission
from LaP0O,4:10 mol% Eu®* NPs with different size.

Q, (107%° ecm?) Q, (10™%° ecm?) AGhH Ang 71 (107 3s) n (%) R
Particles (> 100 nm) 1.06 1.70 216 85 3.31 72 0.64
Nanoparticles (5 nm) 2.11 2.65 319 90 2.44 78 1.27
Nanorods (4 nm x 20 nm) 1.97 2.01 283 63 2.89 82 1.19
Nanorods (2nm x 15 nm) 2.01 2.21 291 18 3.23 94 1.21
Nanoparticles (2 nm) 1.70 0.84 229 227 2.19 50 1.02

8x10°

a) b
¢ — 2x10° ‘ ® O )
6x10° ‘ 1 .

P @ 1x10°

4x10° ‘ L E
- 534

7x10° o
2x10° 55 \ 504
ol ' o
41 Slope=-1.55 “*1 slope =-1.48 [ ]

Luminescence intensity (counts)

Lumir

log (x) log (x)

0 T T T T T T T T T T 0 ks T ¥ T L T T Y T ¥ T ¥ T ¥ T ¥ T ¥ T

0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 0 12 14 16 18 20
Eu* ions concentration (mol%) Eu® ions concentration (mol%)

1x10° ’

8x10° 4

Luminescence intensity (counts)

5
5x10° - 5
‘écn
L 2 “
3x10°
‘ 46 Slope=-1.37
1 100 105 150 195 120 125 1% 135
log (x)
D T T T T T T T T T T

0 2 4 6 8 10 12 14 16 18 20

Eu” ions concentration (mol%)

2x1sam x| | @ ®
2x10" *

6x10°

1x107 4 * *

4x10°

2x10° 4 o

d) e 9

T
T T
1 20 30 40 50 60 70 .80 90 100 0 10 20 30 40 50 60 70 80 90 100

Luminescence intensity (counts)
Luminescence intensity (counts)

*
6x10° *
*

Eu® ions concentration (mol%) Eu* ions concentration (mol%)

Fig. 5. Dependence of luminescence intensity of >D,—"F; (592 nm) transition on concentration (x mol%) Eu®" ions for: a) bulk (nanoparticles > 100 nm); b) nanoparticles (5 nm); c)
nanorods (4 nm x 20 nm); d) nanorods (2 nm X 15 nm); e) nanoparticles (2 nm) under excitation wavelength at 393 nm; Insets in Figures a)—c) show the dependence of log (I/x) vs log
(x) plot for x = 10 mol%.



804 a)
Nanoparticles @

704 2nm
& 604
Q Nanorods @
£ 50+ 2 nm x 15nm
5 |
o 404
S
S 304 Nanoparticles @ Nanorods
1] 1 5nm 4 nm x 20nm
£ 20
i)
< 104

| @ Particles >100 nm

0__9' T * & 1 % I * & T % [ * 0
00 02 04 06 08 10 12 14 16
Surface-to-volume ratio

Critical concentration of Eu3* ions (%)

1007 b) *) )
90- E £
80- 5‘-: %
e £ E 2
604 c 0 ~ 8
404 o = 2 =
3013 ) z

204§ 2

1041 Q @Nanorods 4 nm x 20 nm

04 ———T—— 7T

10 20 30 40 50 60 70 80
Atoms on the surface (%)

Fig. 6. Dependence of: a) Number of atoms on the surface vs surface-to volume ratio and b) The critical concentration of Eu®* ions vs atoms on the surface for different sizes of

LaPO,:Eu®* nanoparticles.

3.2.3. Judd-Ofelt analysis

The Judd Ofelt (JO) analysis [63,64] has been applied to quanti-
tatively describe optical properties of LaPO,Eu®* particles, from
micro- to nanodimensions. In the framework of this theory, the dipole
strengths of transitions are described by three phenomenological
parameters Q, (A = 2, 4, 6) with the following equation [65]:

O = Dypvi on’ S Dy = "E)

e} n(+22(WUD WIS Dy — "F) @
where v, represents the barycentre of the transition, and
[<@I||[UM||wJ’»|> are squared reduced matrix elements
(|KWI|UP||wI52 = 0.0032, [KWJ[[UDL||w 2 = 0.0023,

[<®wJ||U®||WJ’>|* = 0.0002) [66]. In the case of Eu>*, because only
diagonal elements of the unit tensor operators between the wave
functions of its electron configuration are not zero, the emission spec-
trum provides sufficient data for the evaluation of JO intensity para-
meters 2, (A = 2, 4, 6). In this case, one should consider the intensity
of the >Dy—"F, magnetic dipole transition as a reference for transitions
originating from the 5D, excited state [67]. According to Ref. [68],
magnetic dipole transition has the value of 57.34s™! for the
50(NaPO3)¢ + 10TeO, + 20AlF;+ 19LiF + Eu,0;3 glass with re-
fractive index 1.591. Taking this value as a reference and with a well-
known correction factor of (n/1.591)3, which can be derived from the
general equations for the magnetic dipole transition probability rate
[69,70], we obtained the value of 42.85s™ ! (here n = 1.85 is the re-
fractive index of LaPO,, taken from the literature) [17].

Judd-Ofelt parameters are further used for the calculation of ra-
diative transitions probabilities:

AT WT) =

64742 [ (n2+2

2
3h(I+ D)2 9 ) Dep + "ZDMD]

()

where h denotes Planck constant (6.63 x 10~%" ergs), 2J + 1 is the
degeneracy of the initial state, n is the refractive index and e is charge
of electron, and Dy;p and Dgp, are electric and magnetic dipole strengths,
respectively.

By expressing the emission intensities in terms of the integrated
areas, S, under the emission bands, radiative emission probabilities can
be calculated from the following equation [65].

SCDy — 'Fa4)

Aza Dy —> 7F2,4,6) =ACD, — 'F) x
’ ’ SCD, > "F) ®)

The total radiative emission probability, Ag, represents the sum of
all radiative transitions probabilities:

Ap= D A

2=1,2,4.6 )

The radiative lifetime (tg) is given by the reciprocal of the total
radiative decay rate (Ag). Using calculated lifetime values and total
radiative transition probability we can calculate non-radiative prob-
ability Ang as:

1
Ang = — — A
NR = R ®
and the emission quantum efficiency n is:
= 28
Ar + Anr (9)

Comparison of emission characteristics of Eu®* in different size
LaPO, particles (doped with the same amount of Eu®*, 10 mol%) is
done on account calculations performed with afore explained Judd-
Ofelt analysis, Table 3.

The Q, parameter is sensitive to the local structure and composition
of the host material and can be associated with the asymmetry and
covalence of the rare-earth site [65,71,72], while Q4 parameter can be
related to the viscosity and rigidity. If one use (2, to assess the mag-
nitude of covalence between Eu®* and surrounding ligands (the larger
the Q,, the stronger the covalence), it is possible to conclude that
covalence increases with reduction of particles size. However, one
should note that there are number of competing mechanisms for in-
duced electric dipole transitions, so the dominant mechanism for such
behavior cannot be determined from the single parameter. One can
notice that the values of Q, and Q4 constantly increase with the de-
crease of particle size, except for the smallest ones of 2 nm in diameter.
Therefore, it is possible to conclude that local environments of Eu®™*
ions in LaPO4 crystal host undergo constant small changes as dimen-
sions of crystal host are reduced. The relatively small value of Q, in-
dicates a relatively high symmetry at the Eu®* site, which is the highest
for the largest particles prepared by solid state method. This finding
agrees with trend in values of the luminescence intensity ratio, R = I
(°Do—"F>)/I(°>Dy—"F;), which can be considered as indicative of the
asymmetry of the coordination environment around the Eu®* ion.
Hence, the reduction of particle size obviously affects the local en-
vironment of Eu®" ions in the LaPO, host, probably due to changes in
the large surface-to-volume ratio and amounts of defects on particle's
surfaces. Table 3 also presents values of radiative and nonradiative
transition rates of Eu>" in different size LaPO,, and values of internal
quantum efficiencies that are calculated from transition rates. Results
show that internal quantum yield is strongly influenced by particle's
morphology and preparation method. The highest value is found for



nanorods (2nm X 15nm), and the lowest for 2 nm nanoparticles. It
can be observed that Judd-Ofelt theory provides values of quantum
efficiency that are slightly underestimated, since calculation does not
account intensity of 5D0—>7F3, 5 emissions. However, the obtained trend
in values is not affected.

4. Conclusions

To conclude, four different methods of synthesis were used for
preparations of Eu®*-doped LaPO, and EuPQ, phosphor particles of
different sizes and morphologies: spherical nanoparticles of 2 nm, 5 nm
and 100 nm in diameter, and short nanorods of 2-4 nm in diameter and
15-20 nm in length. It was found that the particle size has significant
influence on the structure and luminescent properties of particles. In
particular, with a decrease in particle diameter emission bands broaden
due to structural disorder and new emission bands from defect states
appear in ultrasmall (2nm) particles. Moreover, no concentration
quenching of Eu®" emission was observed with ultrasmall nano-
particles and nanorods; these samples have more than 50% of atoms on
their surface. Thus, these nanomaterials can be heavily doped with Eu,
up to stoichiometric EuPO,. In larger particles concentration quenching
occurs at 10 mol% doping level. Critical distance for energy transfer
between Eu®* ions is about 18.2 A and discloses the dipole-dipole in-
teraction as the dominant mechanism for the emission quenching.
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