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a b s t r a c t   

Erbium/ytterbium-dopped Y0.9Er0.1−xYbxVO4 samples with x = 0, 0.01, 0.05 and 0.09 were synthesized by 
hydrothermal synthesis at basic pH with urea addition. For comparison purposes, another sample with x = 0 
was also prepared by the solgel method. X-ray diffraction patterns were indexed on the basis to a tetragonal 
symmetry of space group I41/amd with Z = 4 compatible with a zircon-type, in good agreement with FTIR 
spectra. Additionally, some of the samples were coated with silica, and the successful coating process was 
verified in both X-ray diffraction profiles and FTIR spectra. Particles of two different morphologies were 
found in transmission electron microscopy images of uncoated samples, some spherical with sizes between 
14 and 20 nm and others elongated. A shell of ~ 5 nm thickness was also observed in silica covered samples. 
The relationship between dopant content and the luminescence emission was systematically explored. 
Erbium-doped samples exhibit bright green fluorescence under stimulation at 360 nm. The substitution of 
erbium by ytterbium successfully produced an up-conversion emission under stimulation at 808 nm, being 
able to observe green and red emission bands. The potential use as fluorescent thermometers of erbium/ 
ytterbium doped samples at 300, 325 and 350 K was finally investigated. 

© 2022 The Author(s). Published by Elsevier B.V. 
CC_BY_NC_ND_4.0   

1. Introduction 

Nanoparticles of NaLnF4 doped with lanthanide ions have been 
widely studied by the scientific community for their applications 
in bioimaging [1,2]. Their interesting characteristics, such as high 
emission intensity, weak autofluorescence, high penetration, and 
low phonon energy (350 cm−1) of the host lattice, make these 
materials suitable for the study of up-conversion processes [1]. 
However, even though synthesized NaLnF4 samples present many 
advantages, it is sometimes challenging to perform an efficient 
temporal identification by analyzing this information, due to their 
short fluorescence times and their high toxicity may also prevent 
its use in in vivo assays. For these reasons, the search for non-toxic 
inorganic phosphor materials with novel compositions and ex-
hibiting efficient up-conversion luminescence needs to be further 
expanded. Today this need drives the study within this research 
line [3]. In recent years, yttrium orthovanadates have been con-
sidered one of the most promising host matrices for phosphors 
development due to their good mechanical, optical and thermal 
properties [4,5]. By photoexcitation, Ln3+ doped YVO4 materials 
can cause down-conversion (DC) and up-conversion (UC) 

processes due to electronic transitions between 4f-4f or 4f-5d le-
vels. [3,6–8]. DC is a Stokes process that can take place in certain 
materials when the doping ions absorb photons of higher energy 
than emitted [3,6,7], while UC is an anti-Stokes process that occurs 
in materials where ions absorb two or more low-energy photons 
emitting high-energy photons [8,9]. According to the Judd-Ofelt 
theory [10], when the lanthanide ions occupy a position of low 
symmetry in the lattice, electric dipole transitions are forbidden, 
while magnetic dipole transitions are allowed [2]. In YVO4 lumi-
nescent materials doped with Ln3+, the location of the Ln3+ ions 
meet this requirement. In YVO4:Ln3+ downconversion (DC) mate-
rials, the inorganic lattice acts as a host crystal to accommodate 
Ln3+ ions and as a sensitizer of their luminescence [3–11], while in 
the so-called upconversion (UC) materials doped with two types of 
lanthanide ions, one acts as a sensitizer of the ions with higher 
absorption coefficient and another as an activator [8,12]. In these 
UC materials, a much more efficient luminescence emission is 
found, and it has been previously reported that the luminescence 
process through near infrared excitation and visible emission 
minimizes cell damage and improves with deeper penetration into 
biological cells [3,8]. 
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The study of the luminescence spectra in the IR region is of great 
interest in the field of bioimaging because in this range the detection 
sensitivity of damaged cells is increased [11,13]. The use of photo-
excitation at lower energy in the NIR-II transparency window 
(950–1700 nm) is associated with significant advantages, such as 
better image contrast and higher spatial resolution [14], negligible 
photodamage, low autofluorescence background, and high penetra-
tion into biological tissues [3,8]. Yb3+ ions are used as excellent lu-
minescence sensitizers for other lanthanide ions due to their 
effective absorption cross-section at 980 nm. Recent papers on up 
and down-conversion studies have also described the benefits of 
using Er3+/Yb3+ doped nanoparticles as nanothermometers and na-
noheaters, as well as for applications in bioimaging [2,8]. Over the 
years, yttrium orthovanadates (YVO4) nanoparticles have been syn-
thesized using different soft chemistry routes and variating different 
reaction parameters such as the amount of additive added, tem-
perature and reaction time. Using different methods, an attempt has 
been made to control the shape, size and surface defects of the na-
noparticles that make up the samples obtained, since these para-
meters affect the luminescent emission of these samples and their 
intensity [9]. These routes include coprecipitation [13], thermal de-
composition [3], microemulsions [15], hydrothermal or solvothermal 
synthesis [4,16]. In our previous investigations with Ln3+ doped YVO4 

luminescent materials, we have found a high luminescence emission 
in larger nanoparticles samples. This result is explained by its high 
crystallinity [9] and fewer surface defects [11,17]. However, even in 
these samples, surface defects can suppress non-radiative decay and 
quenching effect (due to high-energy vibrations of solvents and li-
gands associated with the surface), thus reducing their luminescence 
efficiency [18]. In samples of this type, a silica coating reduces the 
presence of these surface defects and avoids luminescence- 
quenching effects. Furthermore, the silica shell also prevents oxi-
dation of the luminescent material [11,16,19]. 

One of the goals of the present work is to go further in the study 
of erbium/ytterbium co-doped samples. Therefore, Y0.9Er0.1−xYbxVO4 

samples with x = 0, 0.01, 0.05 and 0.09, uncoated and coated with 
silica, are described here. All compositions were prepared using a 
clean, nontoxic, and low-cost solvent such as water, and following a 
hydrothermal synthesis process. For comparison purposes, the 
sample with x = 0 was also prepared by sol-gel. Additionally, some of 
the samples were coated with silica. The relationships between 
structure, morphology of the powder and down and up-conversion 
emission processes, as well as their usefulness as fluorescent ther-
mometers have been addressed. 

2. Experimental 

For comparative purposes, three Y0.9Er0.1VO4 samples were pre-
pared by hydrothermal synthesis at basic pH, without and with urea 
addition, and by the sol-gel method. The corresponding co-doped 
Y0.9Er0.1−xYbxVO4 samples with x = 0.01, 0.05 and 0.09 were only 
prepared by hydrothermal synthesis at basic pH with urea addition. 
Yttrium and erbium nitrates Y(NO3)3·6H2O (99.8%, Strem Chemicals), 
Er(NO3)3.5 H2O (99.9%, Strem Chemicals), Yb(NO3)3·6H2O (99.8%, 
Strem Chemicals) as well as ammonium vanadate NH4VO3, (≥ 99%, 
Sigma Aldrich analytical grade) were used as starting precursors. 
Urea (CO(NH2)2) (PanReac, 99,0–100,5%), citric acid (CA) (C6H8O7) (≥ 
99%, Sigma Aldrich), ethylene glycol (EG) (C2H6O2) (99%, PanReac), 
were also used as dispersing, chelating and polymerizing agents. 

2.1. Sol-gel synthesis 

For preparation of Y0.9Er0.1VO4 sample, 0.25 g of NH4VO3, 0.076 g 
of Er(NO3)3·5H2O and 0.74 g of Y(NO3)3·6H2O were dissolved in a 
beaker by adding of 100 mL of deionized water. This solution was 
heated to 100 °C, undergoing magnetic stirring for 1 h. Subsequently, 
citric acid was added in a 1:1 ratio, related to the calculated amount 
of NH4VO3. The mixture was continued to heat with stirring for 
30 min, and then ethylene glycol was added in a 16:1 M ratio, related 
to the calculated amount of NH4VO3, to introduce a viscous medium 
into the reaction. A gel was formed into solution when the volume 
decreased to less than 50 mL. This gel was aged for 3 days and then 
heated at 200 °C for 5 h to remove the solvent. Finally, the obtained 
powder was treated at 450 °C for 6 h, obtaining a yellow powder 
which is called as Y0.9Er0.1VO4 SG. 

2.2. Hydrothermal synthesis 

To study the effect of the presence of urea on the morphology of 
the obtained powder [1], two Y0.9Er0.1VO4 samples were prepared 
starting from 0.25 g of NH4VO3 and the corresponding stoichio-
metric quantities of Er(NO3)3·5H2O and Y(NO3)3·6H2O. These 
amounts were dissolved in two beakers by adding 50 mL of deio-
nized water. The two solutions were heated to 100 °C and stirred for 
30 min, but in one of the mixtures, urea was added in a 1:1 ratio, 
related to the calculated amount of NH4VO3. Two hours later, NH3 

(25%, Sigma Aldrich) was added to adjust the pH value to 9 and both 
solutions were stirred and heated for 1 h. Then, these solutions were 
heated to 200 °C for 1 h to remove the solvent and the resulting 
powders were aged for 3 days. These powders were later dissolved in 
deionized water and poured into a Teflon coated stainless-steel au-
toclave which was heated at 220 °C for 6 h. After cooling to room 
temperature, the obtained precipitates were dried in an oven, and 
finally treated at 550 °C for 6 h. The yellow powders obtained were 
called as Y0.9Er0.1VO4 HT (sample synthesized without urea) and 
Y0.9Er0.1VO4 HT(U) (sample synthesized with urea). The same pro-
cedure was carried out for the synthesis of Y0.9Er0.09Yb0.01VO4, 

Y0.9Er0.05Yb0.05VO4 and Y0.9Er0.01Yb0.09VO4 samples, using also Yb 
(NO3)3·6H2O as reagent. To obtain the sample Y0.9Er0.05Yb0.05VO4, it 
was heated for 2 more hours to remove the solvent. 

2.3. Silica coating samples 

Coated samples were prepared using the Stöber method [20,21]. 
For these preparations, 0.1 g of orthovanadate was deposited in two- 
necked flasks and were placed in an ultrasound bath at 30 °C. These 
grams of sample were dispersed by adding a 3:10 ethanol: deionized 
water mixture. The presence of ethanol in the reaction medium fa-
cilitates the adhesion of the O-Si-O-Si-O polymer network (see  
Fig. 1) [11,16]. Then 10 mL of NH3 (32%) were added under stirring 

Fig. 1. Schematic representation of the silica coating process.  
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and heating at 75 °C [10,11,16]. After homogenizing these solutions, 
Tetraethyl orthosilicate, TEOS (Merck), was added dropwise with 
variation of both the content and the time: 2 and 1 mL of TEOS for 
3 h in the Y0.9Er0.1VO4 HT(U), Y0.9Er0.1VO4 HT samples, respectively, 
and 2 mL for 15 min in Y0.9Er0.1VO4SG sample. Finally, these mix-
tures were centrifuged to separate the precipitate, which were wa-
shed with a 1:1 ethanol: deionized water solution and dried at 75 °C 
for 12 h. The obtained samples are named as: sample@SiO2. 

2.4. Characterization techniques 

X-ray diffraction (XRD) patterns of the synthesized samples were 
recorded on a PANalytical XPERT-PRO diffractometer using Cu Kα1 
radiation with a step size of 0.04° (2θ) in the range 10°–70° and a 
step time of 1 s. The instrumental broadening of the diffraction peaks 
was considered and calibrated by using the LaB6 standard NIST 
SRM 660b. 

The average crystallite size of pure samples was calculated from 
XRD profiles with the Scherrer formula =D 0.89

cos
[11,22], where λ is 

the wavelength used in X-rays, β is the full width at half maxima 
(FWHM) and θ is the diffraction angle. 

Fourier transform infrared spectroscopy (FTIR) spectra were re-
corded employing a Spectrum Two FT-IR spectrophotometer and 
pressing the powder against a diamond. For the measurements, it 
was operated within the 400–4000 cm−1 range and with a resolution 
of 4 cm−1. 

The morphological characterization of the synthesized samples 
was carried out by transmission electron microscopy (TEM), using a 
JEOL JEM 2100 F that operates at 200 kV, and it is equipped with a 
field emission electron gun that provides a point resolution of 
0.19 nm. To obtain the images, the samples were dispersed in n- 
butanol and drops of the corresponding suspension were deposited 
on carbon-coated copper grids. 

The absorption spectra were studied with a UV/Vis/NIR Perkin 
Elmer Lambda 1050 spectrophotometer. For the recording of the 
emission spectra in the UV region, the samples were excited with a 
pulsed 360 nm laser and five measurements were made in one 
second in the 300–1000 nm range. In this case, the samples were 
suspended in distilled water using 1 cm quartz cuvettes. To carry out 
the measurements with 1 s of acquisition time and 5 accumulations, 
the necessary amount of sample was taken in a quartz cuvette so the 
final concentration was 10 mg/mL. 

The emission spectrum in the near IR region (900–1600 nm) of 
powdered samples was recorded exciting with a continuous 808 nm 
laser, while up-conversion measurements of these samples were 
performed with a 980 nm diode laser. 

3. Results and discussion 

3.1. X-ray diffraction studies 

The XRD patterns showing the evolution with the treatment of 
the three Y0.9Er0.1VO4 precursor powders are shown in Fig. 2, while 
the analogs of the co-doped samples are shown in Fig. 3. 

In the XRD profiles of samples treated at 220 °C, the diffraction 
maxima of impurities can be observed. Impurities of the following 
oxides: V2O5 of orthorhombic symmetry, space group Pmm with 
Z = 2 [JCPDS file card nº 01-089-2482], Y2O3 of cubic symmetry, space 
group Fm3̄m with Z = 2 [JCPDS file card nº 00-043-0661] and Er2O3 of 
cubic symmetry and space group Ia3̄ with Z = 16 [JCPDS file card nº 

01-077-0464]. Incipient reflections assignable to YVO4 oxide of tet-
ragonal symmetry, space group I41/amd with Z = 4 [JCPDS card file nº 
01-072-0274] can be also found. 

In the XRD patterns of samples treated at 550 °C, all the dif-
fraction maxima can be indexed to a tetragonal symmetry of space 
group I41/amd with Z = 4 [JCPDS file card nº 01-082-1968], compa-
tible with a zircon-type structure of YVO4 oxide. In Figs. 2 and 3, the 
interplanar d distance and the (hkl) planes have been assigned for all 
the diffraction maxima. A higher intensity of the reflections is ob-
served after the treatment at 550 °C that reveals that the crystallinity 
of the powders has increased [19]. 

The lattice parameters of the synthesized materials calculated 
using the Chekcell program [23] are summarized in Table 1. This 
refinement program starts from the crystallographic parameters of a 
theoretical model, in this case of the YVO4 compound. Thus, the 
diffraction maxima of the reflections present in the diffractograms of 
the obtained samples are assigned to those equivalents in this the-
oretical model. In addition, this refinement allows the calculation of 
the cell parameters. 

As it can be seen, the lattice parameters are slightly lower than 
those of the YVO4 oxide. A very slight shift in the reflection positions 
with the increase in the ytterbium content can also be observed in 
the XRD patterns of Fig. 3. These results can be justified by the 
Shannon ionic radii of the ions involved in the formula (ionic radius 
of the Y3+ cation in an 8-coordination environment is 1.019 Å, Er3+ 

cation is 1.004 Å and Yb3+ cation is 0.985 Å) [4–24]. This decrease 
causes that the cell parameter values appear slightly lower with 
substitution of yttrium by erbium or erbium/ytterbium. It can also 
be seen how the incorporation of silica does not modify the 2θ (°) 
value of the diffraction maxima. The curve observed in the XRD 
profile of the Y0.9Er0.1VO4 HT(U)@SiO2 sample between 19° and 24° 
and centered at 22° in units of 2θ, is typical of compounds containing 
silica, as P. Arévalo et al. [16] have described. 

Considering the most intense diffraction maxima corresponding 
to (200), (220) and (400) planes and using the Scherrer formula, an 
average crystalline size of the pure samples prepared by hydro-
thermal synthesis has been estimated to be between 24 and 39 nm 
and a slightly higher value in the Y0.9Er0.1VO4 SG pure sample, which 
confirms the nanometric size of all samples. These results are also 
included in Table 1, in good agreement with those determined by L. 
Alcaraz et al. [9]. The smallest values of the average crystalline size 
are found in samples prepared by hydrothermal synthesis and these 
values decrease again in samples prepared with the urea addition.  
Fig. 4 shows two orientations of the zircon-type structure of the 
obtained samples, where the Y3+/Er3+/Yb3+ ions appear in the center 
of distorted dodecahedra or bisdysphenoids that join by sharing 
edges along the a-axis. The V5+ ions are in tetrahedral coordination 
with oxygens atoms. The tetrahedral units share opposite edges with 
the bisdysphenoid chains [18]. 

3.2. FTIR characterization 

FTIR spectra of the Y0.9Er0.1VO4 HT, Y0.9Er0.1VO4 HT(U), 
Y0.9Er0.1VO4 SG and erbium/ytterbium co-doped samples and their 
counterparts after their reaction with TEOS are shown in Figs. 5 
and 6. 

In the FTIR spectra of the Y0.9Er0.1VO4 samples (Fig. 5) two main 
bands are observed. The first one appears at 454 cm−1 with weak- 
medium intensity which can be assigned to the antisymmetric 
stretching vibration mode of the Y/ Er3+-O bonds, while the second 
one is a very strong and broad band around 768 cm−1 that can be 
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assigned to the antisymmetric stretching vibration of the V-O bonds 
in the VO4

3- vanadate groups [9,11,25,26]. The great broad of this 
band may be due to differences in the V-O bond lengths present in 
the vanadate groups. In addition, in the FTIR spectra of the sample 
synthesized by the sol gel method, two very weak bands are also 
observed at 1419 and 1353 cm−1 that could be assigned to the 
asymmetric and symmetric stretching vibrations, respectively, of the 
carboxylate group of citric acid used in the preparation of this 
sample [18]. 

After the samples reaction with TEOS, a new band appears in the 
FTIR spectra at 1070 cm−1 with a small shoulder at 1208 cm−1 as-
signable to the Si-O-Si and O-Si-O stretching vibrational modes, 
respectively [11,25–27]. The silica-coated effect is also observed in 
the νas(VO4

3-) vibrational band as it shifted to a higher wavenumber, 
785 cm−1, with smaller width. This effect appears in other samples 

and may be due to a compression of the nanoparticles caused by the 
silica and that affects the V-O bond lengths. The νas(Y/Er3+-O) band is 
also affected by silica, which has widened due to the overlapping 
with the in-plane Si-O bond bending vibration of the SiO2 group at 
450 cm−1, as described in the bibliography [6,26]. Finally, the very 
weak band observed at 966 cm−1 in all samples can be assigned to 
the silanol group (Si-OH) stretching [21], although it was not de-
tected in the FTIR spectrum of the Y0.9Er0.1VO4 SG sample due to the 
greater width of the νas(VO4

3-) band. All these features seem to 
confirm the presence of a …O-Si-O-Si… network on the surface of 
the prepared samples [11,17,28,29]. 

Similar bands were obtained in the FTIR spectra of co-doped 
samples, (see Fig. 6) but in this case, the increasing substitution of 
erbium by ytterbium in the composition leads to a reduction in the 
intensity of the νas(Y/Yb3+/Er3+-O) band. 

Fig. 2. XRD patterns of: (a) Y0.9Er0.1VO4 SG, (b) Y0.9Er0.1VO4 HT(U)@SiO2, (c) Y0.9Er0.1VO4 HT (U) pure, (d) Y0.9Er0.1VO4 HT (U) impure, (e) Y0.9Er0.1VO4 HT pure and (f) Y0.9Er0.1VO4 

HT impure samples. 
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3.3. Transmission electron microscopy studies 

The TEM images of Y0.9Er0.1VO4 HT(U), Y0.9Er0.1VO4 HT and 
Y0.9Er0.1VO4 SG samples before and after the reaction with TEOS are 
shown in Fig. 7. Particles of two different morphologies are observed 
in the materials prepared by the hydrothermal synthesis: rounded 
with a diameter between 14 and 20 nm and elongated with 

dimensions between 25 × 15–60 nm. In the Y0.9Er0.1VO4 HT(U) 
sample, rounded particles of 50 nm diameter can be found, while in 
the Y0.9Er0.1VO4 HT sample they are larger and elongated, with va-
lues of 78 × 116 nm. These values differ from those calculated with 
the Scherrer equation of 24 and 39 nm for Y0.9Er0.1VO4 HT(U) and 
Y0.9Er0.1VO4 HT samples, respectively, but for this calculation it was 
assumed that all particles were spherical [9]. From these results, it 
should be noted that the presence of urea in the reaction medium 
originates powders of smaller particles, and this is justified by the 
large amount of gases that are released during its synthesis. As can 
also be seen in Fig. 7, in the powder of Y0.9Er0.1VO4 SG sample, 
spherical and agglomerated particles can be found with a mean 
diameter between 11 and 30 nm, somewhat smaller than that cal-
culated with the Scherrer equation of 42 nm, which can be explained 
considering that less agglomeration is observed in the powder of 
TEM image. 

In the TEM images of Fig. 8, rounded and elongated particles can 
be observed in Y0.9Er0.09Yb0.01VO4 and Y0.9Er0.01Yb0.09VO4 powders 
with an average size of 24–38 nm, in agreement with the Scherrer 
equation, but there are also other elongated sizes of 30 × 48 or 
24 × 78 nm. However, in the Y0.9Er0.05Yb0.05VO4 sample, the particle 
size is greater (60–147 nm) due to its drying at 200 °C for 2 more 
hours. 

Fig. 3. XRD patterns of: (a) Y0.9Er0.01Yb0.09VO4 pure, (b) Y0.9Er0.01Yb0.09VO4 impure, (c)Y0.9Er0.05Yb0.05VO4 pure, (d)Y0.9Er0.05Yb0.05VO4 impure, (e) Y0.9Er0.09Yb0.01VO4 pure and (f) 
Y0.9Er0.09Yb0.01VO4 impure samples. 

Table 1 
Refined cell parameters of synthetized samples.        

Calculated parameters Average 
crystalline size, 

D (nm) 
Sample a=b (Å) c (Å) V (Å3)   

YVO4 [JCPDS file card nº 
01-082-1968] 

7.1100 6.2700 316.07 – 

Y0.9Er0.1VO4 HT 7.100(5) 6.2717(3) 316.17 39 
Y0.9Er0.1VO4 HT(U) 7.101(4) 6.2732(5) 316.36 24 
Y0.9Er0.1VO4 SG 7.087(7) 6.2587(6) 314.36 41 
Y0.9Er0.09Yb0.01VO4 7.102(4) 6.2732(3) 316.40 37 
Y0.9Er0.05Yb0.05VO4 7.101(4) 6.276(4) 316.41 39 
Y0.9Er0.01Yb0.09VO4 7.100(8) 6.2719(3) 316.35 31    
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The coating tests with TEOS were successful in the samples that 
were prepared with urea (see Figs. 7 and 8), allowing to observe a 
thin silica shell of about 4–7 nm thick in the environment of in-
dividualized particles. 

3.4. Optical properties studies 

3.4.1. Analysis of the absorption spectra 
An analysis of the absorption process seems necessary prior the 

fluorescence mechanisms study to determine the optimal excitation 
wavelengths. The absorption spectra of Y0.9Er0.1VO4 HT and 
Y0.9Er0.1VO4 SG samples are shown in Fig. 9. The absorption spectra 
of the remaining samples were like those in Fig. 9, and they were not 
included in the present text. Six broad bands assigned to the 4–4 f 
electronic transitions of Er3+ ions, can be observed: a broad one 
between 445 and 455 nm corresponding to the transition from the  

4I15/2 ground state to the 2H9/2 level, another band centered at 
490 nm which can be assigned to the 4I15/2

4F7/2 transition and 
three weaker bands between 550 and 555 nm, 620–700 nm and 
790–820 nm, corresponding to the electronic transitions that occurs 
from the 4I15/2level to excited levels 4S3/2, 

4F9/2 and 4I9/2, respectively  
[6]. In the Y0.9Er0.05Yb0.05VO4 sample spectrum, the absorption band 
centered at 955 nm is due to the overlap between the transition 
4I9/2

4F7/2 from the Er3+ ions and the 4I9/2
4F7/2 transition from 

the Yb3+ ions [6]. The band described by V. Tamilmani et al. [6] at 
524 nm, corresponding to the transition from the ground state to 
4F7/2 of Er3+ ions was not observed due to the broad band of the 
4I15/2

4F7/2 transition. 
In the Y0.9Er0.05Yb0.05VO4 sample, the strongest absorption ap-

pears in the environment comprised between 850 and 1000 nm. 
Therefore, the optimal wavelength necessary to excite the samples 
for photoluminescence (PL) emission processes would be found in 

Fig. 4. Two perspectives of the zircon-type structure.  

Fig. 5. FTIR spectra of Y0.9Er0.1VO4 HT(U), Y0.9Er0.1VO4 HT and Y0.9Er0.1VO4 SG samples (a) before and (b) after the reaction with TEOS.  

M. Rapp, J. Isasi, M. Alcolea Palafox et al. Journal of Alloys and Compounds 903 (2022) 163930 

6 



Fig. 6. FTIR spectra of the uncoated Y0.9Er0.09Yb0.01VO4, Y0.9Er0.05Yb0.05VO4 and Y0.9Er0.01Yb0.09VO4 samples (a) before and (b) after the reaction with TEOS.  

Fig. 7. TEM images of: (a) Y0.9Er0.1VO4 SG and (b) Y0.9Er0.1VO4 SG @SiO2; (c) Y0.9Er0.1VO4 HT and (d) Y0.9Er0.1VO4 HT@SiO2; (e) Y0.9Er0.1VO4 HT(U) and (f) Y0.9Er0.1VO4 HT(U) @SiO2 

samples. 
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this spectral range. In addition, an intense absorption band around 
200–350 nm is observed, assignable to the charge transfer from the 
oxygen atoms to the vanadium ions of the VO4

3- groups, according to 
CTB described by Thao et al. [1]. This result indicates that UV light 
can also be used to excite samples. 

3.4.2. Down-conversion process on samples excited with UV radiation 
Fig. 10 shows the down-conversion emission spectra of uncoated 

and silica-coated Y0.9Er0.1VO4 HT(U) and Y0.9Er0.1VO4 SG samples for 
360 nm photoexcitation. A band centered at 354–357 nm can be 
observed in PL spectra of Y0.9Er0.1VO4 HT(U) and Y0.9Er0.1VO4 SG 
samples. This band appears due to the charge transfer between V5+- 
O2-bonds [11,18,19]. Another band around 450 nm was also observed  
[18,24] due to the down-conversion processes occurred after UV 
photoexcitation. The VO4

3- groups present in the zircon-type host 
act as sensitizers, absorbing the photons of the irradiated UV light 
and transferring their energy to the Er3+ ions located in the D2d sites  
[6,8,26], producing the observed band. This energy transfer causes 
electrons to fill the 4F7/2 level of the erbium ion producing non-ra-
diative transits from this level at 2H11/2 and 4S3/2 [30] (see the 
schematic diagram shown in Fig. 11). 

The presence of other bands in the green region of the visible 
spectrum, centered at ~530 and 553–565 nm in the PL spectra of  
Fig. 10, are due to the 2H11/2 

4I15/2 and 4S3/2 
4I15/2 associated 

with the 4f-4f radiative transitions [30]. It is noted that a weak band 
at 658 nm was observed in the Y0.9Er0.1VO4 SG@SiO2 sample, corre-
sponding to the 4I11/2 

4I15/2 transition, but it was not visible in the 
uncoated sample due to its broad band in the green region [4,6]. 

The main purpose of coating with silica is to minimize the 
surface defects of the nanoparticles, achieving an increase in the 

Fig. 8. TEM images of: (a) Y0.9Er0.09Yb0.01VO4, (b) Y0.9Er0.09Yb0.01VO4@SiO2; (c) Y0.9Er0.05Yb0.05VO4, (d) Y0.9Er0.05Yb0.05VO4@SiO2; (e) Y0.9Er0.01Yb0.09VO4 and (f) Y0.9Er0.01Yb0.09VO4@ 
SiO2 samples. 

Fig. 9. Absorption spectra of: (a) the Y0.9Er0.05Yb0.05VO4, (b) Y0.9Er0.1VO4 SG and (c) 
Y0.9Er0.1VO4 HT samples. 
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emission intensity. However, the opposite was observed in the PL 
spectra of the coated samples, even though TEM images show a 
thin silica shell in the environment of the nanoparticles (see  
Fig. 7). This phenomenon can be explained by considering that 
abundant silanol groups (Si-OH) are present in the fine shell 
coating of amorphous silica (between 4 and 7 nm), with high 
phononic energy, which cause multi-phonon relaxation processes 
and inhibit the radiative processes of Er3+ and Yb3+ ions. It is a 
very common process for functionalized surfaces in basic pH re-
action media with hydroxyl groups, which due to their high vi-
brational frequencies participate in quenching the luminescence 
of rare earth ions [11,26,27]. 

It can also be observed that the emission intensity is higher in the 
sample synthesized by the hydrothermal method, explained by the 
larger particle size (78 ×116 nm) obtained by this method, see Fig. 7, 

because the precursor mixture is calcined at a higher temperature 
(550°C) than the sample synthesized by the solgel method (between 
10 and 30 nm) [18]. 

3.4.3. Down-conversion process on samples excited with IR radiation 
Many biomolecules are capable of emitting light in the visible 

range after being excited with UV light, thereby masking the emis-
sion of Er3+ and Yb3+ ions, but this does not happen when they are 
excited with IR radiation. Therefore, the study of fluorescence 
spectra in the IR region is of great interest in the field of bioimaging, 
since in this range the sensitivity of detecting damaged cells is in-
creased [11,13]. Moreover, the suppression of photon scattering and 
autofluorescence in the NIR-II transparency window 
(1000–1700 nm) give rise to a better image contrast and higher 
spatial resolution [15,31]. For these reasons, the emission spectra of 

Fig. 10. PL spectra of uncoated and silica coated (a) Y0.9Er0.1VO4 HT(U) and (b) Y0.9Er0.1VO4 SG samples.  

Fig. 11. Energy level diagram and down-conversion process when exciting at 360 nm.  
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the Y0.9Er0.1VO4 HT(U), Y0.9Er0.1VO4 SG and co-doped samples 
without and with silica shell were measured after their excitation in 
the IR. 

Emission spectra of all samples are shown in Fig. 12. Two bands 
at 985 nm can be assigned to the 4I11/2 

4I15/2 electronic transition. 
Additionally, the bands with strong intensity between 1500 and 
1570 nm can be attributed to the 4I13/2 

4I15/2 electronic transition  
[31,32]. In the samples doped with Yb3+, the band at 980 nm 

corresponding to the 2F5/2 
2F7/2 electronic transition overlaps with 

the band at 985 nm of the Er3+ ions [32]. 

3.4.4. Up-conversion process studies 
Up-conversion PL spectra of co-doped samples after 980 nm 

photoexcitation at different applied laser powers are shown in Fig.s 
14–16. The measurements of the Y0.9Er0.05Yb0.05VO4 and 
Y0.9Er0.01Yb0.09VO4 samples were carried out with 2 accumulations 

Fig. 12. Emission spectra of (a) Y0.9Er0.1VO4 HT(U), (b) Y0.9Er0.1VO4 SG, (c) Y0.9Er0.09Yb0.01VO4, (d) Y0.9Er0.05Yb0.05VO4 and (f) Y0.9Er0.01Yb0.09VO4 coated and uncoated with silica.  
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and an acquisition time of 5 s. However, under these conditions, the 
emission of the Y0.9Er0.09Yb0.01VO4 sample was saturated, therefore, 
an acquisition time of half a second was used for the measurement 
of this sample. 

In the up-conversion process, the Yb3+ ions absorb the NIR radiation 
and undergo an electronic transit from their ground state to the excited  
2F5/2 level. When this last level is populated, the Yb3+ ions act as sen-
sitizers and two energy transfer processes can take place: to the 4F7/2 

level of Er3+ ions, producing non-radiative de-excitations to the 2H11/2 

and 4S3/2 levels (see Fig. 13); or to the 4I11/2 energy level of Er3+ ions and 
its subsequent jump to their 4F7/2 level [12]. 

The most intense band centered at 554 nm and the band at 
533 nm correspond to the 2H11/2 

4I15/2 and 4S3/2 
4I15/2 elec-

tronic transitions of Er3+ ions, respectively, while a broad band ob-
served between 650 and 670 nm corresponds to the 4F9/2 

4I15/2 

transition [3,4,11]. 
Three emission bands can be clearly distinguished in the PL 

spectra of Figs. 14–16. Two of them in the visible region correspond 
to green and the remaining three to red. 

Our results (see Figs. 14–16) can be explained by considering that 
when the concentration of Yb3+ increases, the distance between the 
Yb3+ and Er3+ ions in the zircon-type host is reduced and, therefore, 
the Yb3 ions transfer energy to the Er3+ ions more efficiently, thus 
increasing the green intensity versus red emission [5]. On the other 
hand, as can be observed in all spectra, the emission intensity in-
creases with the applied laser power, but the wavelength of these 
bands remains unchanged [32,33]. Furthermore, increasing the laser 
power has a greater effect in the 533 and 554 nm bands, with a 
higher emission intensity, than in the 660 nm band. These results 
have recently been explained [12] considering that when the 
amount of Yb3+ ions increases, there is an increase in the interaction 
between the Yb3+ and Er3+ ions, leading to a smaller population of 
the 4F9/2 level and less electronic transits in the green region [12]. 

PL emission spectra at different laser powers using a 6 times 
shorter acquisition time show the highest intensity for the 
Y0.9Er0.09Yb0.01VO4 sample and the lowest for the Y0.9Er0.01Yb0.09VO4 

sample. These results indicate that a higher ytterbium content 
causes the emission to be quenched. 

If the dependence of the laser power and the emission intensity 
at a given wavelength is known, the number of photons involved in 
the up-conversion process can be determined with the following 
expression [3,5]:  

ln(IUC) = n ln(Ppump) + lnA                                                      (1) 

where IUC is the intensity of the emission, Ppump the laser power, A 
the proportionality constant and n the number of photons required 
for the radiative UC emission process [3,5]. The slope obtained from 
fitting expression (1) for the bands at 533, 554 and 660 nm is directly 
proportional to the number of photons involved in the up-conver-
sion process, which is approximately 2 in all cases (see insets of Fig.s 
14–16). Therefore, it is verified that the radiative two-photons UC 
processes take place [3,6]. 

To evaluate the use of the co-doped samples as fluorescent na-
nothermometers, their PL spectra were recorded during the UC 
process at three different temperatures (300, 325 and 350 K), as 
shown in Figs. 17–19. 

A higher emission intensity is observed in the PL spectra of the 
sample Y0.9Er0.09Yb0.01VO4, although the sample of composition 
Y0.9Er0.05Yb0.05VO4 has a larger particle size (60–147 nm). All mate-
rials show a decrease of intensity in the PL spectra due to the silica 
coating, as explained above [11,26,27]. In addition, a decrease in the 
emission intensity can also be observed due to temperature increase, 
in accordance to that observed in other UC processes studied [30,31]. 

This result can be explained based on the thermal extinction 
phenomenon that occurs with increasing temperature, since the 
atoms vibrate more in their lattice positions and this hinders the 
energy transfer from the sensitizing ion to the activator [6,15,31]. 
Moreover, J. Zou et al. described that the decrease in the emission 
intensity is because non-radiative processes are favored when the 
temperature increases [34]. 

These same results are also observed in Figs. 18 and 19, but in 
these samples, the emission intensity is notably higher in the 

Fig. 13. Energy level diagrams of Yb3+ and Er3+ ions, showing the emission mechanisms after 984 nm photoexcitation.  
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Fig. 14. (a) PL emission spectra of Y0.9Er0.09Yb0.01VO4 at different laser pump exciting at 980 nm and 2H11/2 
4I15/2 and 4S3/2 

4I15/2 transition bands expansion and (b) 4I11/2 
4I15/2 transition band expansion. 
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Fig. 15. (a) PL emission spectra of Y0.9Er0.05Yb0.05VO4 sample at different laser pump, exciting at 980 nm and 2H11/2 
4I15/2 and 4S3/2 

4I15/2 transition bands expansion and (b)  
4I11/2 

4I15/2 transition band expansion. 
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Fig. 16. (a) PL emission spectra of Y0.9Er0.01Yb0.09VO4 sample at different laser pump, exciting at 980 nm and 2H11/2 
4I15/2 and 4S3/2 

4I15/2 transition bands expansion and (b)  
4I11/2 

4I15/2 transition band expansion. 
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Fig. 17. Up-conversion spectra of (a) Y0.9Er0.09Yb0.01VO4 and (b) Y0.9Er0.09Yb0.01VO4@SiO2 sample. Expanded PL spectra are shown in inset.  
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Fig. 18. Up-conversion spectra of (a) Y0.9Er0.05Yb0.05VO4 and (b) Y0.9Er0.05Yb0.05VO4@SiO2 sample. Expanded PL spectra are shown in inset.  
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Fig. 19. Up-conversion spectra of (a) Y0.9Er0.01Yb0.09VO4 and (b) Y0.9Er0.09Yb0.01VO4@SiO2 sample. Expanded PL spectra are shown in inset.  
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uncovered samples. Therefore, it follows that by increasing the yt-
terbium content, the emission is quenched. The study carried out 
indicates that Y0.9Er0.09Yb0.01VO4 sample is the best in terms of 
sensitivity for use as a fluorescent nanothermometer. 

4. Conclusions 

Using a hydrothermal synthesis method with urea addition, 
Y0.9Er0.1−xYbxVO4 samples were successfully obtained. For com-
parative purposes, an erbium-only doped sample was also prepared 
by the solgel method. X-ray diffraction patterns confirm the purity of 
the samples when heated to 550 °C, crystallizing into a zircon-type 
structure in good agreement with FTIR spectra. Rounded particles 
are found in the sample synthesized by the solgel method while the 
hydrothermal synthesis leads to larger rounded and elongated par-
ticles. The smallest size was observed in the samples synthesized 
with urea addition. The thickness of the shell coating is homo-
geneous in all coated samples. Characteristic absorption bands of the 
Er3+ and the Yb3+ ions are found in the absorption spectra of the 
synthetized samples, as well as in the emission bands in the green 
and infrared. Up-conversion studies in co-doped samples at different 
laser powers indicate that the emission intensity increases with the 
laser power, but decreases with increasing temperature, showing 
that the Y0.9Er0.09Yb0.01VO4 sample (0.09% Er3+, 0.01% Yb3+) has the 
highest emission intensity and therefore, the highest sensitivity as a 
fluorescent nanothermometer. 
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