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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Red YVO4:Eu3+ phosphor investigated 
via green microwave synthesis. 

• Increasing the concentration of Eu 
dopant reduces the degree of 
agglomeration. 

• An aqueous YVO4:Eu3+ colloidal solu
tion showed a stable zeta potential of 
34 mV. 

• Only water as a solvent, pH = 6, yielded 
samples with the highest emission 
intensity.  
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A B S T R A C T   

A detailed investigation of the europium-doped yttrium orthovanadate (YVO4:Eu3+) phosphorus prepared by fast 
and facile microwave synthesis was undertaken. The phase purity, morphology, particle distribution analysis, 
and photoluminescence were all thoroughly examined. The photoluminescence (PL) properties of the as- 
synthesized YVO4:Eu3+ nanostructures depend greatly on the synthesis parameters. The PL intensity of the 
nanomaterials increased when the Eu concentration, holding time, and amount of water used in the prepared 
phosphors were adjusted. The optimal europium doping concentration was 7 mol% for temperature holding 
times of 60 min, and 5 ml of water was used as the solvent. The emission intensity of Eu3+-doped YVO4 phos
phors can be rationally modified by simply changing the pH of the solution or by employing different solvents. 
The phosphors studied were produced as nanoparticles with a very intense emission spectrum, making them 
good candidates for fluorescent lamps and light-emitting diodes (LEDs).  
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1. Introduction 

Because of their significant spectrum of applications in industry, 
technology, and fundamental science, nanostructured phosphors are 
attracting the interest of researchers. As a result, scientists are working 
diligently to develop novel methods to produce rare-earth-doped phos
phors with improved luminescence properties [1–5]. The controlled and 
environmentally friendly synthesis of inorganic materials with 
well-defined characteristics like particle size, optical performance, 
crystal structure, and others is an important step for their sustainable 
large-scale applications. Lanthanide ion-activated phosphors have 
received a lot of attention among luminescence materials because of 
their wide range of emission colors and excellent luminescent perfor
mance [6]. In particular, rare-earth element doped yttrium orthovana
date (YVO4) phosphors are widely used in medical and biomedical 
applications, including fluorescence resonance energy transfer (FRET) 
diagnostics, bio-labeling, and phototherapy, industrial sensors, and solar 
cells owing to their excellent optical, electrical, and magnetic properties 
[7–10]. Along with its appropriate crystal structure and excellent 
chemical stability [11], YVO4 has shown to be an effective host lattice 
for rare earth ions to make phosphors emitting a variety of colors [12]. 
Especially, YVO4:Eu3+ nanocrystals have optical characteristics and 
minimal cytotoxicity, making them appealing for biological applica
tions, and YVO4:Eu3+ nanocrystals have already been employed to 
detect biomolecules [13]. All of these features motivated the researchers 
to develop economical and suitable methods for producing extremely 
stable and scalable phosphors [14–16]. In recent decades, extensive 
effort has been expended to synthesize inorganic phosphors with fine 
particle size, controllable morphologies, and high luminescence effi
ciency [17,18]. These functional materials doped with rare earth ions 
have been synthesized by the conventional solid-state method [19,20]; it 
is indeed simple but has various limitations, such as high energy con
sumption and agglomeration of particles. On the basis of wet chemistry 
approaches, such as sol-gel procedure [21], modified combustion syn
thesis [22], co-precipitation reaction [23], ultrasonic method [24], and 
hydrothermal method [25] were found to be more effective than the 
classical method in producing single-phase and well-crystalline YVO4. 
Considering the phosphor synthesis strategy, we can note that the hy
drothermal method is one of the most valuable methods for the pro
duction of YVO4 doped with phosphors because it can produce particles 
with excellent crystallinity, narrow size distribution, and high purity 
under mild reaction conditions without milling or extra annealing 
temperature [26]. 

There are a variety of protocols used to produce luminescent nano
particles of YVO4 by microwave processing [27–30]. Among them, a 
considerable amount of research is focused on exploring crystal growth 
and luminescence properties in connection with the morphology of 
Eu3+-doped YVO4 [31,32]. However, the crystallization is at relatively 
high temperatures (between 180 ◦C and 300 ◦C) and for long periods of 
time (2 h, 6 h, 12 h, and 24 h). Additionally, these methods often involve 
the use of various additives, such as ethanol, polyethylene glycol, and 
polyvinylpyrrolidone, among others – all of which we intentionally 
avoid in our approach. In this context the purpose of this study is to 
demonstrate environmentally friendly and energetically efficient mi
crowave synthesis of YVO4:Eu3+ nanoparticles by using decreased 
temperature and short synthesis time. In addition, the effects of micro
wave heating for different times, amounts of water, pH value of solution 
and Eu concentrations on photoluminescent properties were studied to 
determine the optimal emission spectra. 

2. Materials and methods 

We have used, precursors purchased from Sigma-Aldrich (St. Louis, 
MO, USA), sodium othovanadate Na3VO4 (99.98% trace metals basis), 
yttrium nitrate hexahydrate Y(NO3)3•6H2O (purity of 99.9%) and 
europium (III) nitrate pentahydrate Eu (NO3)3•5H2O (purity of 99.9%) 

in the desired proportion. They were mixed according to the following 
reaction [33]: 

Na3VO4 + Y(NO3)36H2O+ xEu(NO3)35H2O+H2O ̅̅̅̅̅̅̅̅̅̅̅̅ →
Microwave heating YVO4

: xEu3+ + gazeous products (x = 0.01, 0.05, 0.06, 0.07, 0.08, and0.1)
(1) 

1 mmol of Na3VO4 was dissolved in 4 ml of distilled water. Subse
quently, 1 mmol Y(NO3)3•6H2O was dissolved in 0.5 ml of distilled 
water. Following that, the desired amount of Eu (NO3)3•5H2O was 
dissolved in 0.5 mL of water. Different samples were prepared with 0.01; 
0.05; 0.06; 0.07; 0.08, and 0.1 mmol of Eu (NO3)3•5H2O. The resultant 
solution was agitated for 10 min at room temperature. After that, it was 
poured into a 10 mL borosilicate vial and put in the Monowave 400 
reactor. In 10 min, the mixture reached 120 ◦C. Once the temperature 
was reached, it was maintained for various periods of time (1 min, 3 min, 
5 min, 10 min, 20 min, 60 min and 120 min). Cooling took an average of 
3 min to reach 60 ◦C. Furthermore, the synthesis of YVO4 products was 
extended to include various mixed solvents such as methanol-water, 
polyethylene glycol (PEG)-water, ethanol-water, and isopropanol- 
water, as well as different pH (pH = 2, 4, 6, 8, 10, and 12) values for 
the precursor combinations. The desired pH values are achieved by 
using nitric acid (HNO3, Sigma-Aldrich) and sodium hydroxide (NaOH, 
Sigma-Aldrich) solution (≥98%). The schematic illustration in Fig. 1 
shows the different parameters used in the preparation of yttrium 
orthovanadate. The run product was separated through filtration 
(quality filter paper, Fisher brand), washed many times with distilled 
water, and dried at 70 ◦C in air. 

The phase purity and crystallinity were investigated by powder X-ray 
diffraction (XRD). The XRD patterns were recorded using a Bruker D8 
Discover diffractometer operating with CuKα radiation (λ = 1.5406 Å) in 
the θ/2θ scan mode in the range of 10◦–70◦ with a step size of 0.04◦ and 
an integration time of 1s. 

The chemical composition of the particles was determined by energy 
dispersive X-ray spectroscopy (EDS) using EDAX - Pegasus X4M, while 
particle size and morphology were studied using the FEI NOVA Nano
SEM 200 scanning electron microscope (SEM). To evaluate the particle 
size distributions, ImageJ was employed to analyze the particle size of 
the 100 particles manually chosen from each sample image obtained 
through SEM, with the exception of the holes. ImageJ may characterize 
spherical and non-spherical shapes using the longest and shortest di
ameters, perimeter, projected area, or equivalent spherical diameter. 

A homemade portable setup (LED, λ = 310 nm as excitation source) 
using a CCS200 spectrometer from Thorlabs was used to measure the 
photoluminescence of Eu-doped YVO4 nanoparticles. All characteriza
tions were performed at ambient temperature. 

3. Results and discussion 

3.1. Phase identification, morphology and distribution analysis 

In order to characterize the structure of our compounds, X-ray 
diffraction (XRD) was performed at room temperature. The X-ray pow
der diffraction pattern of YVO4:xEu3+ (x = 0.01, 0.05, 0.06, 0.07, 0.08, 
and 0.1 Eu) samples prepared with a holding time of 60 min are dis
played in Fig. 2 a. The diffractograms confirm that our compounds are 
single-phase and have crystallized in tetragonal structure of YVO4 with 
space group I41/amd (no. 141). The cell constants are a = 7.1230 Å, c =
6.2910 Å and V = 319.19 Å3 [34]. All reflections are well consistent with 
JCPDS 00-016-0250. The absence of unindexed XRD peaks related to 
other phases suggests that a YVO4:Eu3+ solid solution was formed. The 
powder XRD patterns of YVO4:xEu3+ (x = 0.01, 0.05, 0.06, 0.07, 0.08, 
and 0.1 Eu) were refined by the Rietveld method [35] using the FullProf 
program [36]. Fig. 2 b displays the observed, calculated, and difference 
curves for the Rietveld refined XRD pattern for the sample correspond
ing to a 0.07 Eu concentration that was selected as the analysis object. 
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The goodness values of our samples close to 1 suggest that the refine
ment was successful, indicating a high level of confidence in the accu
racy of the refined crystal structure. The sample was confirmed to be 
crystallized in a tetragonal structure with the space group I41/amd 
(141). The calculated lattice parameters, a, b, c and the volume V, were 
summarized in Table 1. Notably, the refined parameters are slightly 
different from the standard data for YVO4, which can be attributed to the 
introduction of Eu3+ ions into the YVO4 lattice. Increasing the concen
trations of Eu did not result in any regular changes in lattice parameters. 
Furthermore, the current samples’ axial ratio of c/b slightly fluctuates 
around the value of 0.8832 ± 0.0003. 

The average crystallite size of our samples was first estimated from 
the nonoverlapping and most intense diffraction peak (200) of the XRD 
data using the Debye Scherrer equation [37]. Crystallite sizes are around 
10 nm for YVO4:xEu3+ (x = 0.01, 0.05, 0.06, 0.07, 0.08, and 0.1) sam
ples. No substantial lattice strain was expected because low dopant 
levels were used. The Scherrer equation provided a decent approxima
tion of the size of the crystallites, and it was found that the particle size 
remained constant despite varying levels of europium doping. This is 
due to the similarity in radii between the Eu3+ ion (with a radius of rEu3+

= 0.95 Å) and the Y3+ ion (with a radius of rY3+ = 0.90 Å) [38]. 
Moreover, the synthesis time does not tend to influence the crystal

line structure of the obtained nanoparticles, as shown in Fig. 2 c. This 
figure depicts the X-ray diffraction patterns of samples obtained after 
crystallization at different holding times (t = 0 min, 1 min, 3 min, 5 min, 
10 min, 20 min, 40 min, 60 min, and 120 min) at a fixed Eu concen
tration (10 mol%). T = 0 min implies that the sample was produced by 
simple mixing the precursors without using the microwave process at 
room temperature. When compared to the 2θ position of the three most 
intense peaks, corresponding to the (111), (220), and (311) planes, there 
is no noticeable deviation from the reference patterns for nanoparticles 
synthesized for different heating hold times at 120 ◦C. Although no 
phase transformation occurs as the synthesis holding time increases, the 
crystallite size increases slightly but remains practically constant at 
roughly 10 nm, with the exception of the sample obtained at room 
temperature (t = 0 min), which reaches 5 nm. Specifically, crystallite 
sizes rise from 8 to 12 nm as hold time increases from 3 to 120 min. This 
minor increase can be attributed to the low temperature employed in the 
synthesis (t = 120 ◦C). 

The crystallite size DW-H can also be determined using the 
Williamson-Hall approach as it effectively separates the size and 
intrinsic strain broadening by considering peak width as a function of 
2θ. These YVO4:xEu3+ (x = 0.01, 0.05, 0.06, 0.07, 0.08, and 0.1) samples 
parameters were calculated using the following equation [39]: 

β= βs + βi= 4ε tan θ +
Kλ

DW − H cos θ
(2)  

Where β = FWHM of the XRD peaks, βi = FWHM without instrumental 

broadening and βs = strain broadening. 
Equation (2) can be expressed as follows: 

β cos θ= 4ε sin θ +
Kλ

DW− H
(3) 

By employing a linear fit model to analyze the curve, specifically, the 
relationship between 4 sinθ (x-axis) and βcosθ (y-axis) (as depicted in 
Fig. 3), we effectively calculated ε by extracting the slope of this graph. 
Simultaneously, we determined the crystallite size DW-H by deriving it 
from the point where the curve intersects the vertical axis at sinθ = 0. 
The gathered values are reported in Table 2. As previously highlighted, 
the crystallite size calculated through the application of the Williamson- 
Hall model consistently yields slightly larger values compared to those 
obtained through the utilization of Scherrer’s formula. This disparity 
arises from the inherent limitation of Scherrer’s method, wherein it 
overlooks the broadening effect resulting from the presence of strain, as 
elucidated in Ref. [40]. 

SEM microphotographs and the ImageJ processing program were 
used to evaluate the morphology of the particles and measure the par
ticle size and size distribution of the samples. SEM images of YVO4:Eu3+

as-prepared with different concentrations is illustrated in Fig. 4 a. The 
surface morphology of the phosphor is significantly affected by Eu3+- 
doping in the host YVO4. The phosphor crystallizes as petal-like particles 
at low Eu concentrations, with particle sizes of 45 nm and 39 nm at 0.01 
and 0.05 concentrations, respectively (see Fig. 4b). The particle size of 
the samples generated with low concentrations of Eu (0.01 and 0.05) is 
clearly larger than the particle size estimated by the Debye-Scherrer 
method. This is due to the fact that each grain is made up of agglom
erated crystallites. Meanwhile, when the Eu3+-doping was increased 
from x = 0.06 to 0.1, there was a decrease in the agglomeration and the 
grains became smaller, which suggests that a higher amount of dopant 
contributes to the formation of nanoparticles with higher surface en
ergy. Moreover, the particles with more dopant appear to be distributed 
in a more dispersed manner indicating that the amount of dopant may 
affect both the degree of aggregation and particle size. The particle size 
distribution of each sample and the mean sizes are indicated in Fig. 4 b. 
The particles clearly have spherical morphologies with highly homo
geneous size distributions around 25 nm, which can be useful for some 
applications, such as latent fingerprint imaging [41]. 

Fig. 5 presents the SEM images of YVO4: 0.1Eu3+ nanophosphors 
synthesized at different holding times at 120 ◦C. These values, which rise 
from 12 nm for t = 0 min to 35 nm for t = 120 min, are considerably 
higher than those obtained by XRD, owing to crystallite aggregation. 
These results show an effective method for particle size control by 
simply adjusting the time for crystallization at a constant temperature. 

The EDS spectra relative to the YVO4:xEu3+ (x = 0.01; 0.07 and 0.1) 
samples, shown in Fig. 6, reveal the existence of all elements (oxygen 
(O), vanadium (V), yttrium (Y), and europium (Eu)) close to the sto
chiometric proportions, and confirm the incorporation of Eu atoms into 

Fig. 1. Schematic illustrates the different concentrations of doped Eu3+ in the YVO4 nanoparticles and the different heating times via a microwave-assisted process.  
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the yttrium orthovanadate structure. Weight (%) and atomic (%) of 
constituent elements in synthesized nanocrystalline materials are re
ported in the inset of Fig. 6, which is in good accord with the concen
tration of dopant ion incorporated during their synthesis. The mole ratio 
of Eu3+ and Y3+ was slightly higher than the expected value (for x = 0.1, 
the ratio Eu3+/Y3+ equals 0.12). 

The dynamic behavior of our material systems in aqueous solutions 
was studied using dynamic light scattering (DLS), which was used to 
evaluate the size distribution profile of small particles in suspension and 
the zeta potential. The polydispersity index (PDI) corresponding to our 
samples is close to zero, indicating a monodisperse system characterized 
by particles with a very narrow size distribution and minimal size 
variation. The 0.07 doping level yields the minimum PDI value, which 
can be considered an important factor in attaining the desired properties 
and optimal performance. 

In terms of zeta potential, it is well recognized that nanoparticles 
with zeta potential values close to neutrality, in fact between − 25 and +
25 mV, are unstable in aqueous suspensions, while nanoparticles with 
zeta potential values more negative than − 25 mV or more positive than 
+25 mV exhibit moderate stabilities due to charge repulsion [42]. The 
zeta potential was registered for YVO4:xEu (x = 0.01, 0.05 … and 0.1), 
indicating that the dispersed particles in the suspension are positively 
charged. Furthermore, the resulting nanoparticles’ zeta potential (+34 
mV) assures a high degree of stability for the nanosuspension, while 
lower zeta potential values will eventually agglomerate owing to Van 
Der Waal inter-particle attractions [42]. The zeta potential of yttrium 
orthovanadate doped europium increases with increasing Eu concen
tration, as seen in Table 3. The Z-average size measured by DLS are also 
presented in Table 3, which are clearly bigger than the crystallite sizes, 
due to some particle’s aggregation. The increase in Eu concentration led 
to a decrease in the average particle size. This observation aligns with 
the SEM images, which provide evidence that the incorporation of Eu3+

into the YVO4 host effectively reduces particle agglomeration. Colloidal 
stability in aqueous suspensions and low aggregation of nanoparticles 
are required for potential biological applications [43]. According to our 
results, the average zeta potential of the aqueous colloidal solution of 
YVO4:Eu3+ was determined to be 34 mV, which confirms good stability 
[44]. 

3.2. Impact of Eu concentration on the optical properties of YVO4: xEu3+

The doping concentration of the luminescence centers, as is well 
known, has a significant impact on the performance of the phosphors. 
Therefore, it is necessary to confirm the appropriate doping concentra
tion to achieve maximum luminescence intensity. 

The excitation spectra of YVO4:0.1Eu3+ sample (Fig. 7) has a large 
absorption band with a high peak at 308 nm, which may be attributed to 
charge transfer from the oxygen ligands (O2− ) to the central vanadium 
atom (V5+) inside the VO3−

4 groups [45,46]. Additionally, some weak 
bands are located in the 360-400 nm wavelength range, including 381 
nm (7F0 → 5L7) and 395 nm (7F0 → 5L6). The sharp excitation band at 
395 nm is attributed to the intra-configurative f-f transitions of Eu3+ ions 
in the host lattice [47]. 

In order to determine the optimal concentration corresponding to the 
maximum luminescence at 619 nm, we have investigated a series of 
YVO4:xEu3+ products with different Eu3+ concentrations (x = 0.01; 
0.05; 0.06; 0.07 and 0.1). Under the same experimental conditions, the 
emission spectra of all samples with varying doping amounts at two 
different hold times (T = 20 min and T = 60 min) were measured upon 
310 nm excitation. The integrated emission intensity of the 5D0 → 7Fi (i 
= 1, 2, 3, 4) transitions were evaluated for all samples, and the depen
dence of the maximum luminescent intensity on Eu3+ concentration is 
plotted in Fig. 8 a. From the comparison of the data sets, it is apparent 
that the intensities of the emission transitions gradually increase with 
increasing Eu3+ ion concentration and reach a maximum at x = 0.07, 
and then drop with increasing the concentration. This effect is owing to 
the well-known phenomenon of concentration quenching in rare earth- 
doped systems as a result of mutual Eu3+- Eu3+ interactions [47]. The 
particle morphology appears unchanged by increasing doping with Eu3+

concentrations. In the case, a small increase of the crystallite size with 
the dopant concentration was accompanied by a reduction of the par
ticle size, showing that the amount of dopant may affect both the degree 
of aggregation and particle size. Apparently, the optimal Eu3+ concen
tration corresponds to x = 0.07 (inset of Fig. 8a). This result is consistent 
with the findings of Liu et al. [47]. 

In general, the two main aspects of the resonance electronic excita

Fig. 2. XRD patterns and standard card of YVO4 (JSPDS 016-0250) of (a) the concentration series (b) Rietveld data fit on powder X-ray diffraction data for 
YVO4:0.07Eu3+ nanocrystals. The differential pattern between simulated and experimental data is also displayed. (c) XRD patterns of YVO4:0.1Eu3+ with different 
heating hold times. 
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tion energy transfer mechanism are the exchange interaction (Dexter) 
[48] and the electric dipolar interaction (Forster) [49–51]. The ex
change interaction is a short-distance interaction, with a typical critical 
distance RC of about 5 Å, whereas the critical distance of the diploar 
interaction can be as high as 410 Å [52]. Increasing the concentration of 
active center (Eu3+ ions) promotes energy transfer while decreasing the 
cross-relaxation change distance between neighboring Eu3+ defects, 
resulting in non-radiative recombination and decreased efficiency. As a 
consequence, the emission strength peaks at a balance point, which we 
consider the "concentration quenching effect". Therefore, the critical 
distance RC is used to describe the distance between Eu3+ ions when 
quenching occurs. According to Blasse’s suggested mechanism, the RC 
can be defined as follows [53]: 

RC= 2
(

3V
4πXcN

)1 /

3

(4)  

where V is the volume of the crystallographic unit cell, XC is the critical 
concentration, and n is the number of lattice sites that the activator ions 
can occupy. The determined critical distance for the system YVO4:Eu3+

is approximately 12.96 Å, which corresponds to the YVO4 host lattice, V 
= 319.19 Å3, N = 4, and XC = 0.07. The obtained value of RC is much 
larger than 5 Å, suggesting that energy transfer via the exchange 
mechanism is less likely. Therefore, the energy transfer of Eu3+ is mainly 
via the electrical interaction [48]. 

Meanwhile, the optimal concentration of doped Eu3+ in the host 
YVO4 produced at 20 min was examined. According to the results in 
Fig. 8 b, the optimum concentration is x = 0.10. Notably, the PL in
tensity of Eu3+ increases progressively with concentration for samples 
obtained with a holding time of 20 min. 

As a measure, for a synthesis temperature of 120 ◦C, the maximum 
emission intensity in YVO4 nanoparticles corresponding to the optimal 
Eu doping concentration (x = 0; 0.05; 0.06; 0.07; 0.08 and 0.1) was x =
0.07 and x = 0.10 for temperature holding times of 60 and 20 min, 
respectively. 

3.3. Effect of heating hold time on the PL properties 

The PL spectra of generated nanoparticles YVO4:0.1Eu3+ with 

Table 1 
Refinement results and crystal structure data for the YVO4:xEu (x = 0.01; 0.05; 0.06; 0.07; and 0.1) series were compared with the reference standard of YVO4 (space 
group I41/amd, JCPDS 1-0250).  

Parameters YVO4 PDF#16-0250 YVO4:xEu3+

0.00 0.01 0.05 0.06 0.07 0.08 0.1 

a = b (Å) 7.1230 7.1250 7.1300 7.1370 7.1270 7.1080 7.1320 
c (Å) 6.2910 6.2900 6.2950 6.2970 6.2950 6.2830 6.2910 
c/b 0.8832 0.8828 0.8828 0.8823 0.8832 0.8839 0.8820 
V (Å3) 319.19 319.28 319.98 320.73 319.77 317.44 319.95 

Space group I41/amd (141) 

GoF – 1.18 1.14 1.25 1.16 1.27 1.32  

Fig. 3. Size-strain plot for YVO4:xEu3+ (x = 0.01, 0.05, 0.06, 0.08, and 0.1) samples.  

Table 2 
Crystallite size (DW-H) and strain (ε) of the YVO4:xEu3+ (x = 0.01, 0.05, 0.06, 
0.07, 0.08 and 0.1) samples calculated by Williamson-Hall method.  

Composition (x) Strain ε (10− 3) Crystallite size DW-H (nm) 

0.01 2.872 15.5 
0.05 1.878 15.56 
0.06 2.849 14.7 
0.07 1.877 16.1 
0.08 2.094 16.4 
0.1 2.092 17.1  
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Fig. 4. (a) SEM images of YVO4:xEu3+ phosphors with different concentrations, a heating holding time of 60 min at 120 ◦C. (b) Shows the particle size distributions.  

Fig. 5. SEM images of YVO4:0.1Eu3+ phosphors with varying heating hold times at 120 ◦C.  
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different hold times, under 310 nm excitation, are exhibited in Fig. 9. 
These spectra demonstrate the capability of the YVO4 host to absorb the 
310 nm excitation wavelength and efficiently transfer the energy to the 
Eu3+ activators. 

Under UV excitation, The YVO4:0.1Eu3+ emits strong red lumines
cence with narrow bands corresponding to 5D0 → 7Fi (i = 1, 2, 3, 4) Eu3+

intra-4f transitions. The two most intense peaks at 619 nm and 622 nm 
correspond to the 5D0 → 7F2 forced electric dipole transitions, as 
explained by Judd-Ofelt theory [54]. This theory suggests that the 
dominant emission in the 600-630 nm range is caused by the partially 
allowed electric-dipole transition 5D0–7F2 of Eu3+ due to the absence of 
an inversion center (D2d symmetry). Previous research on similar 
nanoparticles has also shown that the spectra are primarily dominated 
by the emission from europium ions, specifically the 5D0 → 7F2,4 

(electric-dipole transitions), which can be attributed to the absence of an 
inversion symmetry at the europium site [55]. Meanwhile, the weak 
peaks at 594, 652, and 702 nm are consistent with the transitions of 5D0 
→ 7F1, 5D0 → 7F3, and 5D0 → 7F4, respectively. The detected transitions 
of 5D0 → 7F1,3 were correlated with the magnetic dipole transitions. 
Furthermore, we notice that the emission intensity increases with the 
increasing of the hold time. Obviously, the 5D0 →7F2 electric dipole 
transition is a hypersensitive transition, which is only allowed if the 
europium ion occupies a site without an inversion center and is, there
fore, very sensitive to the local environment [56]. Comparing the PL 
curves, it is clear that the intensities of the emission transitions reach 
their maximum at 120 min, as indicated in the inset of Fig. 9. Thus, with 
increasing heating time, the luminescence intensity of the samples 

Fig. 6. The chemical elements in YVO4 nanoparticles doped with Eu3+ were analyzed using EDS. The Eu concentrations varied at x = 0.01, 0.07, and 0.1, represented 
as (a), (b), and (c), respectively. 

Table 3 
Zeta potential (Z-potential), the average size (Z-average) and Polydispersity 
index (PDI) of YVO4:xEu3+ assayed by dynamic light scattering (DLS).  

Samples Zeta Potential (mV) Size average (nm) Polydispersity index 

YVO4:0.01Eu3+ 34 (5) 296 (75) 0.25 
YVO4:0.05Eu3+ 38 (9) 154 (82) 0.24 
YVO4:0.06Eu3+ 36 (0) 183 (14) 0.22 
YVO4:0.07Eu3+ 35 (1) 112 (16) 0.14 
YVO4:0.08Eu3+ 37 (2) 100 (05) 0.24 
YVO4:0.1Eu3+ 43 (8) 87 (42) 0.19  

Fig. 7. Excitation spectrum of YVO4:0.1Eu3+ sample.  

Fig. 8. Emission spectra of the PL nanoparticles (YVO4: xEu) with x = 0.01; 
0.05; 0.06; 0.07; 0.08 and 0.1 at two distinct hold times t = 60 min (a) and t =
20 min (b) (λex = 310 nm). 
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increases accordingly. As a result of the lack of inversion symmetry 
surrounding the Eu3+ ion, the majority of the emission occurs at the 
hypersensitive 5D0 → 7F2 electric dipole transition, giving the material 
an intense red emission. 

The luminescence is clearly enhanced as the nanoparticle dimensions 
(crystallite size and particle size) rise with hold (synthesis) time at 
120 ◦C, ranging from 12 nm to 35 nm suggesting that also the lower 
density of defects per surface area contribute to higher emission. With 
the increasing synthesis temperature, an increase of crystallite size and 
of particle size were found, together with an increase of the photo
luminescence intensity. This suggests that with the temperature a better- 
ordered crystal phase was achieved, resulting in a higher luminescent 
intensity. 

3.4. Influence of temperature on the PL properties 

To investigate the influence of temperature on PL properties, we 
prepared YVO4:0.1Eu3+ by the hydrothermal method as described above 
(the holding time is set at 20 min) at 150, and 180 ◦C. In Fig. 10, all of 
the diffraction peaks for our nanoparticles can be easily indexed as the 
YVO4 tetragonal phase (JCPDS, No. 00-016-0250), confirming that all of 
the particles maintained highly crystalline structures with no additional 
impurity phases. Using the Debye Scherrer equation, the average crys
tallite size of the samples synthesized at 120, 150, and 180 ◦C was 
determined to be 9, 10, and 13 nm, respectively. In addition, the 
morphology of the analyzed samples was examined using a SEM, as 

shown in the inset of Fig. 10, and the average particle size was deter
mined. The SEM images reveal the presence of homogeneous nano
particles with spherical shapes, exhibiting a narrow size distribution. 
Luminescence intensity is one of the properties that can be influenced by 
the shape and size of the particles [29], and spherical particles can lead 
to increased photoluminescence. This is due to the fact that light scat
tering is modest in a spherical sample, but the packing density is 
significantly larger than in others [57]. According to Vini et al. [58], the 
Y2O3:Eu3+ nanoparticles have a spherical form and a small particle size, 
making them suitable for laser materials, phosphors, and optoelectronic 
devices [57]. 

The particle size of samples increases as the synthesis temperature 
(120-180 ◦C) rises. The average sizes of the particles synthesized at 120, 
150, and 180 ◦C are about 13, 17, and 30 nm, respectively. Fig. 11 de
picts the effect of synthesis temperatures on the PL emission intensities 
of YVO4:0.1Eu3+ samples. The maximum intensity of our samples 
developed as the temperature increased, suggesting the electronic 
transition’s sensitivity to its surroundings. Furthermore, as illustrated in 
the inset of Fig. 11, the PL intensity of the as-prepared samples follows 
an increasing trend with increasing synthesis temperatures from 120 ◦C 
to 180 ◦C. The 5D0 → 7F2 transition is widely recognized to be extremely 
susceptible to structural changes and environmental impacts [45]. The 
larger particles generally show a smaller surface-to-volume ratio and, 
thus, fewer surface defects, which can enhance the luminescent 
intensity. 

3.5. Impact of water quantity on the PL properties 

The YVO4:0.07Eu3+ samples were prepared under the same condi
tions as previously stated (the holding period was set at 20 min), with a 
fixed amount of precursors but varying volumes of water (2, 3, 4, 5, and 
10 mL). Fig. 12 a shows XRD patterns of the samples synthesized at given 
water values. All diffraction patterns matched well the standard 
diffraction data for bulk YVO4 (JCPDS, No. 00-016-0250). The crystal
linity of the samples is also high, as evidenced by sharp diffraction 
peaks. According to the Debye Scherrer equation, the nano-crystallite 
size of YVO4:0.07Eu3+ was approximately 7, 8, 8, 10, and 10 nm at 
varying volumes of water (2, 3, 4, 5, and 10 mL, respectively). As a 
result, the amount of water added during preparation has little impact 
on particle size growth. As the amount of water used in the synthesis 
increase, the particle sizes changed in accordance, as illustrated in 
Fig. 12 b. Particularly, 2 ml, 3 ml, 4 ml, 5 ml, and 10 ml of water in the 
synthesis resulted in particle sizes of 14 nm, 15 nm, 16 nm, 20 nm, and 

Fig. 9. The PL spectra of YVO4:0.1Eu3+ nanoparticles with various hold times 
at 310 nm excitation wavelength. The inset indicates the evolution of the 
electronic transition intensity with heating hold times. 

Fig. 10. XRD patterns of YVO4:0.1Eu3+ synthesized at 150 and 180 ◦C. The 
insert represents the SEM images. 

Fig. 11. Emission spectra of the PL nanoparticles YVO4: :0.1Eu3+ at 310 nm 
excitation wavelength. 
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18 nm, respectively. 
The emission spectra of YVO4:0.07Eu3+ obtained using different 

volumes of water under excitation at 310 nm are shown in Fig. 13, and 
are composed of several emission lines in the range 550–750 nm, which 
originate from the Eu3+ activator transitions 5D0-7FJ (J = 1, 2, 3, 4). The 
emission spectrum exhibited a consistent pattern across all samples 
prepared. Clearly, the PL intensity of Eu3+ steadily increases when the 
amount of water increases to 5 mL (inset Fig. 13) and subsequently 
decreases when the volume of water exceeds 5 mL due to quenching. The 
morphology of the YVO4:0.07Eu3+ remains unaffected by the varying 
volumes of water used during processing; however, there is a slight 
impact on the growth of particle size. 

3.6. The implications of changing the pH value and solvent 

In order to investigate the effect of pH on the PL properties, 
YVO4:0.07Eu3+ samples were produced at different pH ranges using 
water as a solvent. The pH value of the prepared YVO4:0.07Eu3+ sus
pension with only water is 6. The pH range of 2–12 was achieved by 
adjusting a solution using a high-purity sodium to create an alkaline 
environment, while an acidic solution was obtained by utilizing 70% 
concentrated nitric acid. As illustrated in Fig. 14, the pH values of the 
precursor solution have a considerable influence on the luminescent 
intensity of the final products. The luminous intensity of the principal 
peaks decreased as the acidity or alkalinity of the YVO4:0.07Eu3+ so
lution increased, indicating that the maximum intensity occurred at pH 
value of 6. The intensity of the emission spectra decreased steadily as the 
pH increased from 6 to 12. This effect may be explained by the fact that 

Fig. 12. (a) XRD patterns of europium doped yttrium – orthovanadate nanopowder prepared by microwave with different amounts of water; (b) SEM images of 
YVO4:Eu3+. 
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the particles were scattered in water and their surfaces were covered by 
a large number of OH groups that were either chemically linked to the 
surface or simply adsorbed as water molecules. Such hydroxyl groups 
are particularly efficient quenchers of lanthanide luminescence via 
multiphoton relaxation [59]. Numerous studies in the literature have 
explored the optimization of emission intensity by manipulating pH 
values. These studies have demonstrated that, although high emission 
intensities can be achieved, they vary across different pH values [36,60, 
61]. As mentioned earlier, the pH that resulted in the highest lumines
cence differed from the values reported by other researchers, suggesting 
the presence of several important factors, including chemical precursors, 
solvents, and preparation methods, that may be responsible for the 
observed variations [62]. 

Fig. 15 a shows the PL spectra of the Eu3+-doped YVO4 samples 
produced in various solvents. The emission spectra of the products 
synthesized in different solvents differ mainly by their peak intensity, 
demonstrating that the luminescent properties are closely related to the 
agglomeration of particles. On the basis of the above SEM images indi
cated in Fig. 15 b, there is an obvious agglomeration to form large 
particles when. 

using ethanol-water and methanol-water as solvents, which results in 
a significant drop in emission intensity. On the other hand, the use of 
isopropanol-water and PEG-water as solvents reduces the agglomeration 
of nanoparticles and makes them appear well dispersed, which enhances 
the luminosity but is still lower than green solvent (only water). Liu et al. 
[36] tested various types of mixed solvents to enhance the luminescence 
intensity of Eu3+-doped in the YVO4 host, demonstrating that the 
ethanol-water solvent is the most effective. In the present instance, using 
only water as the solvent was sufficient to obtain the highest emission 
intensity for YVO4:0.07Eu nanoparticle. 

4. Conclusions 

In summary, this work shows optimized microwave synthesis of 
phase pure red-emitting YVO4:Eu3+ phosphor. The experimental data 
revealed that the physicochemical conditions (microwave heating time, 
quantity of water, pH values of solution and dopant concentration) 
significantly impacted the particle size and distribution. The initial 
synthesis suspension with pH of 6 containing only water as a solvent 
yielded the samples with the highest emission intensity. The PL spectra 
of YVO4:Eu3+ indicated that different particle sizes and Eu concentra
tions influence the optical properties. The obtained particles show 

Fig. 13. Emission spectra of YVO4: 0.07Eu3+ with varying amounts of water.  

Fig. 14. PL spectra of YVO4:0.07Eu3+ collected at different pH values of the 
solution (pH = 2, 4, 6, 8, 10, 12) at 310 nm excitation wavelength. 

Fig. 15. (a) Emission spectra of YVO4:0.07Eu3+ nanoparticle obtained with 
several solvents: (1) methanol-water, (2) isopropanol-water, (3) ethanol-water, 
and (4) PEG-water. (b) SEM photographs of YVO4:0.07Eu3+ crystals prepared 
under various solvents at the above, respectively and their particle size 
distributions. 
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intense red luminescence with narrow bands corresponding to 5D0-7Fj 
intra-4f transitions (j = 1, 2, 3, 4) Eu3+, with the strongest at 619 nm. 
The highest emission intensity in YVO4:xEu nanoparticles, correspond
ing to the optimal doping concentration of Eu (x = 0.01; 0.05; 0.06; 
0.07; 0.08 and 0.1), was 0.07 for temperature holding times of 60 min. 
The critical distance, RC, of Eu3+ energy transfer is 12.96 Å, calculated 
by the concentration quenching method. Based on their nanoparticles 
size, morphology and luminescent properties, the Eu3+-doped YVO4 
samples are potential materials for application in UV radiation detectors 
and light-emitting phosphors. 
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