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ARTICLE INFO ABSTRACT

Handling Editor: P. Vincenzini The influence of the reaction temperature on the crystallization process of Eu>*:YPO, (5 % mol of Eu®")
luminescent materials was investigated under MW-assisted heating, in aqueous media and without the use of
organic templating agents. X-ray diffraction (XRD), Fourier transform infrared (FT-IR) spectroscopy, Raman
spectroscopy and transmission electron microscopy (TEM) analyses were employed to investigate the crystalli-
zation and morphological evolution. The syntheses were conducted via a MW-assisted hydrothermal method by
heating at temperatures from 120 to 240 °C with a holding time of 20 min. The majority of the resulting powders
were observed to be amorphous at 120 and 140 °C, exhibiting only minimal evidence of very small crystallites.
Conversely, crystalline Eu®*:YPO, powders with a single-phase tetragonal Xenotime-Y structure were obtained at
160 °C, in the form of nanosticks aggregating into nanobundles. It was found that a crystallization threshold for
the formation of nanocrystalline Eu®*:YPO4 materials exists between 140 °C and 160 °C. As the reaction tem-
perature was increased, a dehydration process occurred, resulting in the gradual disappearance of the residual
amorphous phase. This resulted in the formation of fully crystalline nanoparticles at 200 °C. At this temperature,
the coalescence of nanobundles into nanorods was observed, and this morphology became increasingly defined
as the synthesis temperature was increased up to 240 °C. These findings highlight the pivotal role of temperature
in the crystallization of these nanophosphors in an aqueous media at pH 7, thereby addressing a gap in the
existing scientific literature.
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1. Introduction extensive research due to their ability to readily accommodate RE**

cations within their structure, which endows these compounds with

The research on luminescent nanomaterials is a subject of consid-
erable interest within the academic community, given the intriguing
properties of these materials and their potential applications across a
range of fields [1]. Typically, these materials comprise a host crystal
lattice with guest atomic impurities, named dopants, which are essential
for the observed luminescence. These dopants often belong to the large
family of rare earths (RE) [2]. The existence of a multitude of host
matrices, each capable of accommodating different dopants in a wide
range of concentrations, has prompted researchers to develop a vast
array of luminescent materials, each tailored to emit at a specific
wavelength or to possess other beneficial properties [3]. Among the
various host matrices, rare earth oxides (RE:20s) [3,4], vanadates
(REVOs) [1,5,6] and phosphates (REPO4) [6] have been the subject of
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luminescent properties. In particular, RE>" doped YPO, materials have
been demonstrated to display bright, efficient and long-lasting lumi-
nescence, high durability and chemical stability, and excellent me-
chanical and thermal properties, particularly in their anhydrous crystal
structures, namely the tetragonal Xenotyme-Y and monoclinic Monazite
phases [6]. The exceptional properties of Xenotyme and Monagzite are
directly attributable to their anhydrous crystal structures. This is evi-
denced by the fact that water molecules embedded in (partially) hydrate
forms, such as Rhabdophane (REPO4 e 0.8H20) [7] and Churchite (REPO4
e 2H,0) [8], are responsible for reduced quantum efficiency and lumi-
nescence intensity [9-11]. Furthermore, the dimensions of the nano-
particles and their morphology have been demonstrated to impact the
photoluminescence properties of the material [13-15]. Consequently,
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considerable efforts have been conducted to develop synthetic tech-
niques for the production of the desired compounds with the optimal
crystal structure, morphology, and particle size [16]. To date, a sub-
stantial number of wet-chemistry methods have been developed for the
preparation of RE>*-doped YPO, nanopowders, including hydrothermal
[15,17,18], co-precipitation [13,19], polyol [20] and sol-gel [21-24]
techniques. The structure, size, shape and morphology of the powders
can be modified by altering the various synthesis parameters, including
the pH value, precursors and reaction temperature [16]. The utilisation
of templating agents typically resulted in the formation of hydrated
Rabdophane hexagonal prisms [15,25,26], whereas the tetragonal Xen-
otime-Y phase was generally obtained without additives, except in
certain instances where neutral pH conditions facilitated the formation
of the tetragonal phase even in the presence of a templating agent [27,
28]. The size and shape of the tetragonal phase are also influenced by the
percentage of dopant used [29], synthesis time [17,30], reaction tem-
perature [31], annealing temperature [21], and the preparation method
[33]. Among these, microwave (MW) assisted methods have recently
emerged as a rapid, efficient and reliable method for the preparation of
luminescent inorganic materials [34,35]. The rapid and uniform heating
provided by MW generally results in shorter reaction times and a uni-
form size and shape distribution of the nanoparticles. Furthermore, the
utilisation of MW can facilitate alloy phase transformation and stabili-
sation in materials [36,37], and support processes conducted under
vacuum conditions [38,39] or in the solid state [40]. In the case of
REPOy, some kinetic studies were conducted using a microwave-assisted
method to investigate the formation of the Rabdophane phase from the
system 0.53 LaPO4 — 0.47 YPO4 e (n H0) and its subsequent trans-
formation into Monazite [41]. Moreover, Wang et al. described the uti-
lisation the use of templating agents to obtain uniform spherical
microparticles of REPO4 or RE-doped YPOj4, through microwave heating
at 180 °C for 2 h, and the investigation of phase transformation through
alterations in the type of lanthanide or the ratio of reagents [42]. The
utilisation of microwaves was deemed imperative for the prevention of
anisotropic growth, as the expeditious heating process would preclude
the occurrence of this mechanism. The same research group proceeded
to synthesize YPO4 doped with varying RE cations for the assessment of
luminescence properties and the potential applications in anticounter-
feiting inks [43]. Rodriguez Liviano et al. successfully produced
well-defined lenticular nanoparticles with precisely controlled size at
extremely low reaction temperatures (approximately 120 °C) by modi-
fying the ratio of reactants and employing Y(acac)s as the yttrium pre-
cursor [44]. Majeed et al. observed a distinctive morphology of
Eu-doped YPO4 nanopowders, which were obtained by a rapid
MW-assisted synthesis under acidic conditions at a relatively low tem-
perature, resulting in highly dispersible nanobundles with potential
biomedical applications [45]. A comparable morphology was also
identified by Vanetsev et al. in a comprehensive investigation of the
impact of specific experimental parameters (including reagent ratio,
synthesis time and pH) on the crystalline phase, size and morphology of
undoped YPO. nanoparticles [46]. Nanobundles with a Xenotime-Y
crystalline phase were obtained at 200 °C, using equimolar amounts of
reactants, a natural pH and a reaction time of 1 h. The same morphology
was observed also in Eu>":YPO, prepared by a glycine-assisted hydro-
thermal method by Yang et al. at 150 °C [47]. Recently, we have suc-
cessfully synthesized Eu®:YPO. nanocrystals with a well-defined
rice-like morphology by a microwave-assisted hydrothermal method at
200 °C and with reaction times as short as 3-5 min [48].

While numerous papers have reported studies on the impact of the
reaction time and other experimental parameters (e.g. pH, reagents and
their relative amounts, additives) on the crystallization and morphology
of Eu3+:YPO4 powders [14,15,46,48], to the best of our knowledge, only
a few studies have focused on the effect of the reaction temperature [31,
32,48]. Liu et al. examined the impact of temperature on the particle size
and morphology of undoped YPO. and Eu®*:YPO. materials (5 % mol of
Eu) prepared via a conventional hydrothermal method. Upon heating
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from 80 to 200 °C for 12 h under acidic conditions, irregularly shaped
nanopowders and Xenotime-Y tetragonal structures were obtained. An
increase in particle size and a contraction in volume were observed with
an increase in temperature [31]. Cybinska obtained different outcomes
by preparing powders with an identical Eu content and utilising a
comparable hydrothermal methodology and experimental conditions.
Indeed, Eu®t:YPO, powders exhibiting disparate sizes within the
micrometre range and displaying a combination of disc-like and octa-
hedral morphologies were obtained by subjecting the samples to a
heating process for a duration of 10 h at temperatures spanning the
range of 120-240 °C. The pure tetragonal phase was obtained at all
temperatures, with no variation in the lattice parameters reported in the
paper [32]. A MW-assisted hydrothermal method was recently
employed under neutral conditions. It was observed that an increase in
temperature from 200 to 240 °C resulted in a change in the morphology
of Eu3+:YPO4 nanopowders (with 5 % mol of Eu) from a mixed
morphology to an elongated rod-like monodispersed morphology [48].
However, the temperature range was limited to 200-240 °C, and a
comprehensive investigation into the impact of reaction temperature on
the crystallization mechanism was not conducted. In order to gain a
deeper understanding of the optical properties of these luminescent
materials and their practical applications, it is essential to ascertain the
crystallization behaviour of the powders and the role of temperature in
controlling the size and morphology. The objective of this study is to
gain insight into the role of temperature in the crystallization process
under neutral conditions and to propose a mechanism for crystal for-
mation, thereby addressing a gap in the existing literature. To this end,
Eu*":YPOa4 powders with 5 mol% Eu as the optimal dopant concentration
[29] were prepared by microwave-assisted hydrothermal conditions
without organic templates or solvents, in the temperature range of
120-240 °C and with a fixed reaction time of only 20 min. A series of
analytical techniques, including X-Ray Diffraction (XRD), Raman,
Infrared spectroscopy (FT-IR) and Transmission Electron Microscopy
(TEM), were employed to assess the structural and morphological al-
terations of the prepared powders. Additionally, Raman analysis was
conducted to ascertain the optical properties of the materials.

2. Experimental
2.1. synthesis of Eu®>":YPO4 nanopowders

The precursors Y(NOs)3-:6H.0 (99.8 %, Sigma-Aldrich), Eu
(NO3)3-5H20 (99.9 %, Sigma-Aldrich), and KH2PO. (>98.0 %, Sigma-
Aldrich) were employed without further purification for the prepara-
tion of Eu®:YPO4 (5 % mol of Eu) nanopowders. The syntheses were
conducted in accordance with the methodology described in Ref. [48].
The experimental conditions and the names of the prepared samples are
provided in Table 1. Samples PHO-RT_1 and PHO_RT were obtained
after precipitation at room temperature, at pH values of 1 and 7,
respectively, and without microwave heating. The MW-assisted hydro-
thermal treatments were conducted at varying temperatures for a
duration of 20 min, with a power of 800 W in an ETHOS TOUCH
apparatus (Milestone s.r.1., Sorisole, Italy). All powders were subjected
to multiple washes with deionised water to eliminate any residual
by-products, after which they were subjected to centrifugation (ALC
Centrifuge, PK110, ALC INTERNATIONAL S.r.l, 20093 Cologno
Monzese, MI, Italy). The resulting white powders were obtained after
drying at 70 °C for 24 h, with a reaction yield of approximately 95 %.

2.2. Methods

X-ray diffraction (XRD) patterns were collected using an Empyrean
series III Multicore diffractometer (Malvern PANAlytical, Malvern, UK),
equipped with a PIXcel3D detector, utilising Cu-ka radiation (A =
1.5405 10\) from a Cu LFF HR source with a b-Ni filter. The experiments
were conducted at room temperature and at 40 kV and 40 mA, within
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Table 1

Experimental conditions, cell parameters, crystallite sizes and root-mean-square
(r.m.s.) microstrain values (calculated by Rietveld refinement) of the crystal-
lized Eu®*":YPO, powders prepared by MW-assisted heating at different
temperatures.

Sample T aA) c(A) Crystallite r.m.s.
({9} size (nm) microstrain

PHO_RT_1 r.t. / / / /

PHO_RT r.t. / / / /

PHO_120 120 / / / /

PHO_140 140 / / / /

PHO_160 160 6.9324 + 6.0328 + 37+3 9.3-10°°
0.0012 0.005

PHO_180 180 6.9299 + 6.0312 + 35+3 5.107°
0.0011 0.004

PHO_200" 200 6.9286 + 6.0303 + 32+2 0.001
0.0011 0.003

PHO_220 220 6.9302 + 6.0274 + 28 +2 0.0025
0.0009 0.004

PHO_240" 240 6.9202 + 6.0212 + 28 +1 0.0027
0.0013 0.004

2 Data from ref. [48].

the 5-80° 260 range, with a step size of 0.039° and a time step of 0.5 s.
The X-ray beam was filtered using a primary mask of 14 mm and a
secondary mask of 6 mm, a primary and secondary slit of % cm, and a
0.03 cm primary Soller slit and a 0.04 cm secondary Soller slit. The
phase identification was conducted using the X’pert HighScore Plus®
software with the JCPDS database. The reference pattern employed to
identify the xenotime-(Y) tetragonal structure as the sole Eu:YPOa phase
present in our samples was JCPDS card 00-011-0254. The collected
spectra were processed with the Maud v.2.9 software [49,50] in order to
estimate the lattice parameters, crystalline domain sizes and micro-
strains. This was achieved through the application of the Rietveld
analysis to the peak broadening and position. The crystallite sizes were
calculated by taking the mean between the two directions in elongated
particles, namely length and thickness. Rietveld processing models of
the MAUD software were employed to ascertain the dimensions of
spherical coherent scattering domains (or, in the form of "composite"
domains, as postulated by Nicolae Popa) and a number of
root-mean-square microdeformation values [51]. In the case of aniso-
tropic crystallite shapes, Popa’s model has been employed, as it accounts
for the size-broadened profile resulting from the log-normal size distri-
bution of spherical crystallites. This enables the estimation of the radius
of an apparent crystallite, which serves as an approximation to real
crystallites and their distribution [52].

Fourier transform infrared (FT-IR) attenuated total reflection (ATR)
spectra were acquired using a VERTEX 70V Bruker (Billerica, MA, USA)
spectrophotometer. The instrument was equipped with a Platinum ATR
unit with a diamond crystal (refractive index of 2.4), a GLOBAR source,
and a MCT Mid-Band detector. The spectra were acquired in trans-
mittance mode, utilising a range of 4000 to 600 cm ™, a spectral reso-
lution of 2 cm™!, and 32 scans. The data analysis was conducted using
Origin™ software. All spectra were normalised to the intensity range
0-1, facilitating a more straightforward comparison.

Raman measurements were conducted using a LabRAM HR Evolu-
tion Raman microscope (Horiba Ltd., 2 Miyanohigashi, Kisshoin,
Minami-ku Kyoto, 601-8510 Japan). The laser source employed was a
532 nm Nd-YAG with a maximum output power of 100 mW. The mi-
croscope employed was an Olympus BXFM-ILHS, equipped with 5x, 10x,
100x, 50x LWD, and 100x LWD objectives. The detector was a charge-
coupled device (CCD) front-illuminated open electrode with a multi-
pin phase detector, exhibiting a spectral range of 200-1100 nm, multi-
ple Peltier cooling, and a 1024 x 256 x 16 matrix. Spectra were acquired
utilising a laser power of 1 %, a 100x objective, and acquisitions of 3 s
with 5 accumulations. The data were then elaborated with Origin™
software. All spectra were normalised to the intensity range 0-1,
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facilitating easier comparison. The Raman shift scale was transformed
into a wavelength (A) scale using the following equation:
1

A = 107
(nm) Abs. wavenumber (cm1) x

Absolute wavenumber is obtained by subtraction of observed Raman
shifts from the absolute wavenumber corresponding to the laser wave-
length (532 nm). Since:

x 107

Abs. wavenumber (cm™") =1 )

In this case

1
Abs. wavenumber (cm™') =533 ¥ 107 =18796.99 cm™!

Therefore, the wavelength data are obtained as follows:

1 1 ,
Wavelength (nm) " Abs. wavenumber (cm-1) ((18796.99 7X)> x10

Where X = Observed Raman shifts.

Representation of data for a precise graphical correspondence be-
tween wavelength and wavenumbers required selecting the “reciprocal”
scale type on the Origin™ program.

TEM. A high-resolution scanning/transmission electron microscope
(S/TEM) (Thermo Scientific™, Waltham, MA, USA, Talos™ F200S)
equipped with energy dispersive X-ray spectroscopy (EDS) and oper-
ating at 200 kV acceleration voltage was used for TEM analyses. To
prepare the samples, aqueous suspensions of the powders were soni-
cated for 15 min at room temperature. Therefore, 200 mesh copper
microscope grids coated with carbon were immersed in the sonicated
suspensions. Finally, the samples were dried under IR irradiation prior
to analysis. The mean dimensions and particle size distributions were
determined by measuring a minimum of 200 individual particles in the
TEM micrographs using ImageJ software (version 1.53t) and fitting
them with normal or log-normal functions using the Origin™ program.

3. Results and discussion
3.1. XRD and FT-IR analysis

The X-ray diffraction (XRD) patterns of all the samples synthesized in
this study are presented in Fig. 1. XRD is a powerful and versatile
technique that can be employed to study the microstructure of materials
and evaluate their evolution as a function of synthesis or treatment
parameters [53]. The collected patterns display broad and indistinct
peaks in the spectrum of the samples precipitated at room temperature
(both at pH = 1 and 7), as well as in those of the samples prepared at pH
= 7 and heated at 120 °C and 140 °C (Fig. 1a). This suggests that the
initial precipitation of Eu*:YPO. at room temperature results in the
formation of a predominantly amorphous phase. Further heating at
120 °C or 140 °C does not significantly promote extensive crystalliza-
tion. An increase in temperature to 160 °C results in a significant change
in crystallinity (Fig. 1b). This is evidenced by the emergence of sharp
and well-defined peaks, which are characteristic of the Xenotyme-Y
phase with a tetragonal structure (JCPS: 00-011-0254) and space group
I4,/amd. This phase corresponds to anhydrous yttrium phosphate (V).
Similarly, Majeed et al. [45], and Yang et al. [47], obtained Eu-doped
YPO4 nanopowders with a tetragonal structure after 30 min of heating
at 150 °C by using a MW-assisted method under acidic conditions and
after 24 h by a glycine-assisted hydrothermal synthesis, respectively.

As illustrated in Fig. S1, the formation of the crystalline structure is
accompanied by the persistence of a residual disordered or amorphous
phase, which is observed in samples produced at temperatures below
160 °C. Indeed, it can be observed that the background of the spectrum
collected from the PHO_160 sample displays a wave-like trend
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Fig. 1. XRD patterns of Eu3+:YPO4 samples obtained (a) at room temperature and by a MW-assisted heating at 120 and 140 °C and (b) at 160, 180, 200, 220

and 240 °C.

(highlighted with a red line in Fig. S1) that is similar to the shape of the
spectrum of the PHO_140 sample. This indicates the coexistence of two
distinct phases, namely amorphous and crystalline, within the same
material. Indeed, the Rietveld refinement methodology revealed the
presence of an amorphous phase in samples PHO_160 and PHO_180, but
not in samples obtained at temperatures exceeding 200 °C. In fact, in
samples obtained at higher temperatures, the presence of a linear
background, which can be easily calculated, excludes the formation of
the amorphous phase. It can therefore be assumed that the crystalliza-
tion process is strongly influenced by the reaction temperature, with an
incipient crystallization point occurring at around 160 °C. Indeed, at pH
=7, an increase in temperature up to 160 °C leads to the development of
the crystalline phase as an evolution of the previous amorphous phase. A
further increase up to 200 °C improves the crystallinity, as evidenced by
a decrease in the signal of the amorphous phase, which allows for the
emergence of a background with a pseudolinear trend. No further im-
provements in crystallinity were observed at temperatures above 200 °C
(Fig. 1b). Table 1 shows the crystal lattice parameters of the identified
Xenotime-Y phase for crystalline samples, spanning from PHO_160 to
PHO_240. In alignment with our prior findings [48], it can be observed
that a slight decrease in both lattice parameters a and ¢ occurs as the
treatment temperature rises, resulting in a contraction of the cell vol-
ume. Furthermore, in contrast to the findings of Cybinska [32] and Liu
et al. [31], who studied Eu**-doped and undoped YPO. nanopowders
prepared via a conventional hydrothermal method, the average crys-
tallite sizes calculated by Rietveld refinement were observed to decrease
with increasing temperature. This behaviour is likely attributable to the
dissolution, crystallization and dehydration processes occurring at
elevated temperatures, which result in the formation of denser crystals,
as also observed by Vanetsev et al. [46]. Since the Rietveld method takes
into account both the main sources of physical line broadening in XRD
patterns, namely finite crystallite size broadening and microstrain
broadening, the root mean square (r.m.s.) microstrain values are also
given in Table 1 for the samples analysed. The Rietveld method accounts
for the primary sources of physical line broadening in XRD patterns,
namely finite crystallite size broadening and microstrain broadening.
Consequently, the root mean square (r.m.s.) microstrain values are also
provided in Table 1 for the samples under analysis. The term "micro-
strain’ is defined as the root mean square of the variations in lattice
parameters observed across a given sample. These variations are a
consequence of non-uniform lattice distortions, faults, dislocations,
antiphase domain boundaries and grain surface relaxation. The strain
contribution to peak broadening is caused by the non-uniform dis-
placements of atoms with respect to their reference lattice positions [6].
It can be observed that the microstrain increases with the treatment

temperature, indicating that the decrease in crystallite size leads to the
loss of long-range order domains and the increase in lattice distortion.
The absence of extra peaks in the XRD spectra shows that there are no
unwanted secondary phases or by-products in the materials produced
[54].

The FT-IR spectra of all Eu**:YPOa samples are presented in Fig. S2 of
the supporting information file. Some selected spectra are displayed in
Fig. 2 as full spectra, with the intensity normalised to a range of 0-1. In
the region between 4000 and 2500 cm, the characteristic O-H
stretching of water is observed for all samples. Furthermore, the smaller
peak at approximately 1630 cm !, which is characteristic of the H-O-H
bending, is also detected [18,46]. This indicates that all samples exhibit
some degree of hydration, which is consistent with the fact that all
syntheses are conducted in aqueous media. However, the intensities of
these signals decrease with increasing reaction temperature (as illus-
trated graphically by the arrows in Fig. 2) and become negligible in
samples obtained at 220 and 240 °C (Fig. S2).

In the 1250 to 600 cm ™! region the typical P-O antisymmetric

SS0

Normalized Transmittance (a.u.)

0.0 T T T T T T J
1200 1150 1100 1050 1000 950 900 850

o'o T T T 1 1 T 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 2. FT-IR spectra of some selected synthesized samples (red line: as-
precipitated sample obtained at pH = 7; green line: sample obtained at
120 °GC; olive line: sample obtained at 160 °C; violet line: sample obtained at
200 °C). Inset: magnification of the part of the FT-IR spectra between 1300 and
600 cm™! to highlight the P-O stretching region. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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stretching (~1000 cm 1) and the antisymmetric bending of the O-P-O
group (=630 cm_l) can be seen [18,46,55]. As illustrated in the inset of
Fig. 2 (indicated by a blue circle), the band centred at around 1000 cm !
is resolved into two distinct bands (one at ~ 1060 cm~! and one below
1000 cm™Y) in the spectra of the amorphous samples (red and green
lines). On the other hand, the spectra of the crystalline PHO_160 and
PHO_200 samples exhibit a single, shoulder-shaped main band below
1000 ecm L. As reported by Garrido Hernandez et al., the peak observed
below 1000 cm ™! is considered to be diagnostic of the tetragonal phase
of Eu>*:YPO, and is typical of nanopowders with a low degree of hy-
dration. In contrast, the absorption band at ~ 1060 cm ™! is attributed to
amorphous materials and/or a high degree of hydration, as it corre-
sponds to the P-OH bond [18]. Similar differences between the
stretching bands of the PO%’ group were observed by Farida et al. [56].
These findings indicate that the reaction temperature influences the
degree of hydration of these materials, which is consistent with the
observations made by Wang et al. in analogous compounds prepared via
conventional hydrothermal synthesis, resulting in a lower energy
stretching mode of the phosphate groups [57]. Consequently, an
elevated reaction temperature correlates with enhanced crystallinity of
the samples, which exhibit a reduced number of water molecules or free
OH groups, ultimately leading to the elevated luminescence [12].

3.2. Raman analysis

Raman investigations were carried out to complement and support
the results of the XRD and infrared analyses. Fig. S3 of the Supporting
Information file illustrates the Raman spectra of Eu*:YPO. samples
within the range of 200-1200 cm'. The vibrational modes of the
phosphate ions (i.e., Ajg, B1g, Eg and Byg) are more evident in the spectra
of samples obtained at temperatures >160 °C. However, their intensity
is significantly attenuated with respect to the undoped materials [17,31,
58,59]. This behaviour is related to the effect of europium incorporation
in the YPOs host, as previously reported in the literature [60-62].
Consequently, the recording range of the Raman spectra was extended,
resulting in the observation of pronounced peaks within the 1000-5000
cm™! region, which is frequently overlooked in the reporting of Raman
spectra of doped yttrium phosphates (Fig. 3) [63].

Fig. 3aillustrates the Raman spectra of the samples obtained at room
temperature and at 120 and 140 °C, while Fig. 3b depicts the spectra of
the samples obtained at a temperature range of 160-240 °C. The signals
observed in the Raman spectra are attributed to the photoluminescence
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(PL) of the samples and correspond to the characteristic PL bands of the
Eu®" ions, which are typically observed in the orange-red region of the
PL emission spectra of the Eu3+:YPO4 materials [17,48,63]. No shift in
the position of the bands is observed between the samples. The obser-
vation of photoluminescence signals in the Raman spectrum is a com-
mon occurrence [64,65]. This is because Raman scattering and PL are
two distinct physical processes arising from the same stimulus, namely
laser excitation [66,67]. Usually, the PL of a sample is regarded as a
potential limitation when interpreting the Raman spectrum [68].
However, there are instances where it is possible to examine the char-
acteristics of the sample in PL and Raman simultaneously [65,69]. This
appears to be the case for Eu>*:YPOy, as the PL and Raman signals do not
overlap. As illustrated in Fig. S3, only very weak lattice vibrations (i.e.
"real" Raman signals) are observed below 1000 em L Furthermore, the
bending and stretching Raman modes of water are evident, as indicated
by the grey dashed lines in Fig. 3 [70]. The appearance of PL peaks in
Raman spectra is the initial indication of Eu®* doping in the YPOu lattice,
given that the Raman spectrum of undoped YPOus is unperturbed in the
region 1000 to 4000 cm~! [71]. The PL is then exclusively attributable
to the presence of Eu® in the crystal lattice. Furthermore, the results
demonstrate that temperature influences the Raman signals, which
become more distinct as the reaction temperature rises, indicating
enhanced crystallinity. Indeed, the spectra in Fig. 3a display very broad
peaks, which are typical of materials with low crystallinity. In contrast,
the spectra in Fig. 3b show peaks that are sharper and better shaped. The
sample prepared at 160 °C shows an intermediate situation: the peaks
are sharper than those of the amorphous samples, but larger than those
of the samples prepared at higher temperatures (Fig. 3b, highlighted by
red arrows). This indicates that the sample heated to 160 °C comprises a
mixture of amorphous and crystalline phases, with a lower degree of
crystallinity than observed in samples prepared at higher temperatures.
These findings align with the XRD data, which indicate that the onset of
crystallization for these materials prepared by microwave heating oc-
curs at 160 °C. Furthermore, Fig. 3 illustrates that the water peaks are no
longer present in the spectra of samples prepared at reaction tempera-
tures of 200 °C and above. This suggests that essentially dry samples are
obtained at higher temperatures, which is consistent with the results
observed in the FT-IR spectra shown in Fig. 2. In addition, by employing
the appropriate conversion of the wave number to the wavelength scale
(see the experimental section for details), it is feasible to derive the
wavelengths of the PL peaks and to assign the observed PL transitions by
analogy with the data presented in the literature [48]. All known
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Fig. 3. Raman spectra of Eu>*:YPO, nanopowders in the 100-5000 cm ' range (a) Spectra obtained for samples synthesized at room temperature (black and red
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transitions are observed in the spectra, with the exception of the weak
7F3 peak at 3405 cm ™! (650 nm), which is only visible in dry samples.
Wide-range Raman spectroscopy can therefore be a useful tool to pro-
vide preliminary information about the nature of the samples, qualita-
tively confirming their PL properties and relating them to their
crystallinity and water content.

3.3. TEM analysis

The impact of temperature on the crystallization process and the
evolution of crystal morphology was examined through transmission
electron microscopy (TEM) analysis. Fig. 4 illustrates a selection of TEM
micrographs of samples prepared at varying temperatures. The results
indicate that nanopowders of homogeneous size are typically obtained,
which corroborates the hypothesis that the growth rate is essentially
uniform across all crystals. This is attributed to the narrow temperature
distribution within the microwave (MW) apparatus [72].

The sample obtained at room temperature at pH = 1, i.e., immedi-
ately after the addition of KH-PO. (PHO_RT 1), is predominantly
amorphous (Fig. 4(a) and S4(a)). However, the presence of very small
crystallites is discernible (Fig. S4(b)), exhibiting well-resolved lattice
fringe spacing of approximately 3.5 A, which is attributed to the (2 0 0)
plane of the Xenotime-Y tetragonal phase (JCPDS: 00-011-0254, Fig. S4
(c)). The sample is devoid of any impurities (Fig. S4(f)) and its amor-
phous nature did not impede the uniform and homogeneous mixing of
yttrium and europium, as evidenced by the EDS map and profile (Fig. S4
(d-e)). This indicates that Eu3+:YPO4 has already formed at this stage,
albeit in an amorphous form. Similarly, the sample obtained at room
temperature at pH = 7 also exhibits both amorphous and crystalline
structures (Fig. S5(a-b)) with a homogeneous distribution of all elements
(Fig. S5(c-f)), as previously reported in our recent paper [48]. These
findings are corroborated by Raman analyses, which demonstrate the
presence of characteristic bands associated with Eu®* ions in spectra of
specimen obtained without heat treatment, both at pH = 1 and under
neutral conditions. However, this sample exhibits larger and more
well-defined crystals with a rice-like morphology compared to the
as-precipitated sample obtained under acidic conditions. These results
substantiate the assertion that an initial crystallization process driven
solely by a change in pH is active at room temperature. A pH effect is
also observed by Garrido-Herndndez et al., who claim that a low

120°C

180 °C 200°C
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concentration of H3O" is effective in promoting the formation of
nanocrystals with anhydrous tetragonal structure [18]. The presence of
a considerable fraction of the amorphous phase is evident in the samples
obtained after MW treatment at 120 °C (Fig. 4(b) and S6(a-b)) and
140 °C (Fig. 4(c) and S6(a-b)). Nevertheless, the presence of Eu3+:YPO4
crystallized particles is also discernible, with larger crystals disappear-
ing, indicating a dissolution/recrystallisation process [30]. This finding
is corroborated by Select Area Diffraction (SAED, Fig. S6(c)). The sample
prepared at 160 °C (Fig. 4d) exhibits a fairly well-defined morphology,
in accordance with the results from XRD and Raman spectroscopy.
Indeed, as can be seen in Fig. 5(a-e) and the size distributions shown in
Fig. 5g-h, the powders are composed of nanobundles of approximately
30 nm thickness and 30-50 nm length, formed by very thin nanosticks
(approximately 3 nm thickness). This is in good agreement with the
crystallite size as calculated by the Rietveld refinement method
(Table 1). In some areas, smaller nanosticks can be distinguished from
amorphous areas, suggesting that the formation of nanobundles occurs
via a two-step process: first, nanosticks are formed from amorphous
material, and then they aggregate to form nanobundles. These results
indicate that as the temperature is elevated, the amorphous powders
undergo a gradual dissolution, followed by a rapid recrystallisation
process, resulting in the formation of Eu®>*:YPO, crystalline nuclei as the
temperature approaches 150-160 °C. The high crystallinity of the par-
ticles is corroborated by the selected area electron diffraction (SAED)
patterns depicted in Fig. 5f, which exhibit the well-resolved (1 0 1), (2
00),(112),(312),(332)and (22 4) planes of the Xenotime-Y crystal
phase (JCPS 00-011-0254, Table S1).

The homogeneity of the Eu®** doping in the YPOs lattice and the pu-
rity of the material are confirmed by the EDS elemental maps, profile
and spectrum presented in Fig. 6.

As the temperature increases to 180 °C (Fig. 4e and S8) and 200 °C
(Fig. 4f), the nanobundles become more densely packed and aligned,
with a reduction in the number of free nanosticks. In particular, at
200 °C, the densely packed structures appear as nanoparticles with non-
uniform size and morphology, as observed in Ref. [48] The shape of the
nanoparticles undergoes a transformation at the highest temperatures.
At 220 and 240 °C, the original nanobundle structure is lost, and new
morphologies emerge. As illustrated in Figs. 4(f) and 7, at 220 °C,
nanorods and cuboidal particles are formed, whereas at 240 °C, nano-
bullets with a homogeneous size (average length of 38 nm and thickness

140°C 160 °C

220°C

240°C

Fig. 4. TEM micrographs (at 150k magnification) of all Eu>":YPO, samples obtained after precipitation at room temperature at pH = 1 (a) and after 20 min of MW
heating at 120 °C (b), 140 °C (c), 160 °C (d), 180 °C (e), 200 °C (f), 220 °C (g) and 240 °C (h, from Ref. [48]).
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of 11 nm) and morphology are obtained (Fig. 4h). It can be seen that as
the temperature of the reaction increases, the initially formed nanosticks
aggregate into nanobundles and then pack on top of each other until
coalescence occurs. This is probably due to the dehydration process, and
results in the formation of well-structured morphologies.

The quantitative EDS results for all samples are presented in
Table S2. These results demonstrate no significant differences between
the samples and exhibit good agreement with the theoretical values,
with the exception of minor discrepancies within the instrumental
errors.

The mean particle size values (mean length and thickness values) and
aspect ratio, as determined from the TEM micrographs, are presented in
Fig. 8(a) and 8(b), respectively. It is evident that the reaction temper-
ature exerts a discernible influence on the dimensions of the nano-
particles, in alignment with the findings of the XRD analysis. In
particular, the thickness decreases with increasing temperature, from 30
to 11 nm, while the aspect ratio values (length/thickness ratio) increase
from 1.5 for the nanobundles to 3.2 and 3.5 for the more elongated rod-
and bullet-shaped particles. There is a slight discrepancy between the
dimensions measured from the TEM micrographs and the values given in
Table 1, obtained from the XRD analysis, particularly for the samples
obtained at the highest temperatures (220 and 240 °C). The

nanopowders obtained at these elevated temperatures exhibit elongated
rod and spherical morphologies with increased anisotropy compared to
those obtained at lower temperatures. The discrepancies between the
XRD crystallite sizes and the TEM measurements can be attributed to the
methodology employed in calculating the crystallite sizes. The crystal-
line domains were determined using MAUD’s Rietveld processing
models, with Popa’s rules applied and an average of the crystallite sizes
extrapolated, which approximates an isotropic geometry. In particular,
for the elongated particles, the crystallite size was calculated as an
average between two directions. This is the reason for the tendency of
the crystallite size to deviate partially from that of the particle length,
especially for highly anisotropic geometries.

3.4. Proposed crystallization mechanism

Fig. 9 presents a schematic illustration of the crystallization and
morphology evolution processes observed when the pH conditions were
altered and the temperature was increased. The material is initially
amorphous, but the addition of KOH at a pH of 7 results in the formation
of relatively large nanocrystals. It can be seen that the pH value is of
great importance in the process of crystallization, as evidenced by the
formation of relatively large rice grains when the pH is altered. Zou et al.
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Fig. 6. HAADF (a) and BF (b), EDS elemental mapping (c), EDS spectrum (d) and profile (e) on Eu>*:YPO, powders obtained at 160 °C.

propose that under conditions of pH = 1 the phosphate anions would be
almost absent from the solution, as the low pH favours the acidic form of
H3POy, which is less reactive and thus inhibits grain growth [15]. An
increase in the pH of the solution has the effect of promoting partial
deprotonation, resulting in the formation of higher concentrations of
H5POg3, HPO‘zfand free PO4®- in the reaction media. This, in turn, fa-
cilitates the crystallization process. Indeed, at a pH of 5 and in the
absence of additives, tetragonal nanospindles of considerable di-
mensions were formed. Additionally, Gavrilovi¢ et al. observed the
formation of nanorods (approximately 4 x 20 nm) at pH = 9 and a
temperature of 60 °C in the coprecipitation synthesis of Eu>":LaPOy.
Their finding corroborates the hypothesis that these compounds crys-
tallize in elongated morphologies under neutral conditions at low tem-
peratures and in the absence of additives or organic solvents [13].
Furthermore, it has been reported that at elevated concentrations of
PO3~, the formation of the tetragonal Xenotime-Y phase is favoured over
the hexagonal Rhabdophane structure [14]. Our results reveal that MW
heating to temperatures of 120 and 140 °C yields a predominantly
amorphous material, with only minute -crystallites discernible.
Conversely, the larger nanocrystals observed at room temperature are
no longer visible. From these results, we can infer a possible
dissolution-nucleation mechanism occurring in the initial stages of the
reaction. This involves the rapid formation of nanocrystals at room
temperature and pH = 7, which are then dissolved upon heating, giving
rise to a second nucleation process occurring at high temperatures. Wu
et al. have also proposed that this mechanism is active during the syn-
thesis of Sm®*:YPO,, which was studied over time at pH = 3 and a re-
action temperature of 200 °C [30]. We observed that an increase in
reaction temperature resulted in the rapid growth of nanosticks and
subsequent formation of nanobundles between 140 and 160 °C. This
suggests that a crystallization threshold may be reached around 150 °C.
In the paper by Yang et al., it was claimed that the use of glycine as an
additive was crucial for obtaining Eu®*:YPO, powders with nanobundle
morphology by a conventional hydrothermal method [47]. The forma-
tion of nanobundles of comparable dimensions was also observed at the
same temperature using a microwave-assisted synthesis devoid of

organic additives, thereby indicating that the presence of glycine is not a
prerequisite [45]. The aforementioned studies both synthesize nano-
bundles at 150 °C, utilising a reaction time of 24 h at an unspecified pH
for the hydrothermal reaction and a duration of only 30 min at pH = 2
for the MW reaction. This evidence corroborates the assertion that the
MW-assisted method yields identical outcomes to those of classical hy-
drothermal synthesis, albeit in a more expeditious manner. As the re-
action temperature rises, the nanobundles become increasingly densely
packed, culminating in the formation of well-defined nanorods and
nanobullets at temperatures between 220 and 240 °C. This phenomenon
may be exclusive to neutral conditions, as it is starkly divergent from the
observations made at pH = 1. Indeed, Cybinska conducted a study on the
morphological evolution of Eu®:YPOs as a function of temperature at
pH =1, wherein the formation of increasingly larger microparticles with
cubic or octahedral morphology was observde, while maintaining the
tetragonal crystal structure [32]. It can be hypothesised that the higher
particle size values are favoured by low pH. Therefore, it can be pro-
posed that in the case of RE3*:YPO, phosphors, low pH favours slow
nucleation and fast growth to give large microparticles, whereas neutral
pH favours fast nucleation and slow growth to give small nanoparticles.
These findings are consistent with the observations reported by Wang
et al. in their study on the impact of tartrate anions on the crystallization
of Ln*:YPOa [73]. The pH was found to exert a pronounced influence on
the crystal phase, size and morphology. Indeed, large crystals were ob-
tained at pH = 1, whereas small crystals were observed at pH values
above 7. Two distinct growth mechanisms are proposed: at low pH, a
direct nucleation/growth process is posited, whereas at higher pH, a
dissolution-reprecipitation mechanism is proposed. Additionally, the
authors hypothesize that at higher pH, the elevated concentration of
PO3~ free anions facilitates rapid nucleation, thereby inhibiting the
formation of large crystals and promoting the growth of smaller ones. As
can be observed from the data presented in Table 1, an increase in re-
action temperature is associated with a reduction in both the a and ¢
parameters and the crystallite size. Furthermore, this observation can be
correlated with the fast nucleation mechanism that was just discussed. It
can be assumed that the higher the temperature, the higher the
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nucleation rate. In conclusion, it can be stated that at low temperatures,
low pH does not favour crystallization; however, high pH triggers the
process, resulting in the formation of elongated crystals of moderate
size. Conversely, at higher temperatures (>160 °C), low pH allows the

formation of very large crystals, whereas at higher pH, the fast nucle-
ation process maintains the crystal size moderate. These observations
and discussions are summarised in Fig. 9.
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4. Conclusion

The objective of this study was to investigate the crystallization
mechanism of Eu>*:YPO,4 nanophosphors synthesized via a MW-assisted
hydrothermal method in a safe and environmentally friendly manner,
thereby addressing a gap in the existing scientific literature. Accord-
ingly, the MW synthesis of Eu>*:YPO, (5 % Eu) was conducted at pH = 7
in the absence of organic templates or solvents, with a fixed holding time
of 20 min and varying reaction temperatures, including room temper-
ature and a range between 120 and 240 °C. At the lowest temperatures,
amorphous nanopowders were obtained, as evidenced by XRD, FT-IR,
RAMAN and TEM analysis. Conversely, at higher temperatures, crys-
talline materials with a tetragonal Xeontime-Y crystal structure were
formed. Furthermore, the doping of Eu®* ions in the YPO. lattice was
observed to be homogeneous and uniform across all samples. These
findings indicate that a precise crystallization threshold exists for the
formation of nanocrystalline Eut:YPOy, occurring between 140 and
160 °C. Above this threshold, nanocrystalline nanobundles are formed.
The crystallization process is accompanied by a dehydration process, as
evidenced by FT-IR analyses. The TEM analyses revealed the presence of
relatively large crystals that had formed at pH 7 prior to heating.
However, in the powders obtained at 120 and 140 °C, only extremely
small crystallites remained, suggesting a dissolution/second nucleation
mechanism at relatively low temperatures. Conversely, the formation of
small elongated nanosticks and their subsequent aggregation into
nanobundles was observed to occur at temperatures above 160 °C. Upon
an increase in temperature, the residual amorphous material gradually
diminishes, resulting in the formation of fully crystalline nanoparticles
at temperatures exceeding 200 °C. As the temperature rises, the nano-
bundles exhibit a progressive tightening of the intermolecular bonds,
ultimately leading to their coalescence at temperatures exceeding
200 °C. This process culminates in the formation of well-defined nano-
crystals, characterised by a distinct morphology, such as nanorods or
nanobullets.

The results demonstrate the significant impact of temperature on the
crystallization of these luminescent materials in an aqueous environ-
ment at pH = 7, addressing a knowledge gap in the existing scientific
literature. These findings are of considerable interest to the scientific
community, given the growing use of luminescent materials in the op-
toelectronic industry. The development of rapid, reliable and environ-
mentally friendly methods to produce powders with diverse
morphologies is therefore a highly relevant and valuable area of
research.
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