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ABSTRACT: White light photoluminescent materials can overcome many problems due
to an intrinsic color balance, in addition to reducing the cost for application in emitting
components and electronic devices. In this sense, to observe this phenomenon of
photoluminescence, variations in the synthesis time at low temperatures were carried out,
which also influenced the degree of structural order/disorder of strontium vanadate
(Sr1VOss, SVO). The microwave-assisted hydrothermal route allowed us to evaluate the
structural and morphological evolution of the SVO compound. Furthermore, this paper
discusses how van der Waals forces influence the morphological evolution of a
semiconductor as a function of orientation, induction, and dispersion interactions. The
experimental study combined with theoretical approaches provided information about the
structure and electronic properties of SVO. From the experimental data and theoretical
analysis, we propose, for the first time, that the unit cell of the SVO structure is composed
of three distorted [SrO,] (x = 6, 7, and 9) and two distorted [VO,] clusters.

Photoluminescence measurements revealed an efficient broadband emission, and the conversion of ultraviolet light excitation into
visible light was observed. The emission chromaticity showed that the structural disorders of the [SrO,] and [VO,] clusters present

the possibility of change in the Commission Internationale de I’Eclairage emission color.

1. INTRODUCTION

After the appearance of commercial white light, the search for
new color-converting phosphors such as white-light-emitting
diodes (WLEDs) has been the focus of considerable research.
WLED semiconductors have an advantage in lighting technol-
ogy because they present high efficiency, low power
consumption, good stability, adjustable colors, and lower risks
of environmental damage.'™ Therefore, there is a tendency
toward the substitution of conventional lamps by WLED
devices.

The white light can be obtained by the combination of the red,
green, and blue LED chips or by combining the blue LED chip
and yellow phosphor or even using a near-ultraviolet (NUV)
chip and red/green/blue tricolor conversion phosphors.*°
Indeed, several studies have been performed using blue, green,
red, and yellow phosphors exhibiting high efficiency, chemical
stability, and low cost.”® However, the modulation of each
phosphor color for the reproduction of WLEDs becomes the
main challenge due to the low luminescence efficiency related to
the strong reabsorption of the blue light by the red and green
phosphors.”” In this way, single-component white-light
phosphors exhibiting luminous efficacy as well as a good color
rendering index have been proposed to overcome the
complications associated with the multiple emitting phos-
phors.l’7 According to the literature, an efficient way to do that is
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by using phosphors that convert the ultraviolet excitation
radiation into broadband emission covering the whole visible
light region, as this would reduce the types of phosphors used in
LEDs as well as the production costs.”

The vanadate family has been considered promising for LEDs
since they present a broadband emission covering almost the
entire visible light region, high luminescence efficiencies, and
excellent chemical stabilities.”*™'* In past years, different
vanadate structures have been investigated, motivated by their
luminescence properties.' "' >"* Given that the vanadates exhibit
the self-activated emitting properties of the VO3~ group, they
can effectively convert UV radiation into visible light.”> The
luminescence mechanism of vanadium materials has been
justified by the charge transfer in the VO3~ group from the 2p
orbital of O*~ to the 3d orbital of V**."*'*"> The photo-
luminescence (PL) of the vanadium compounds is strongly
dependent on the deformation degree of the VO, tetrahedron,
which is influenced by the types and amounts of cations that are
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Figure 1. (a) XRD patterns of the Sr;(VO,5 samples with standard JCPDS No. 52-1578. (b) The normalized intensity of the (211) plane.

around the structure*'® since the (°T,, °T, — 'A,) forbidden
transitions by the spin selection rule in the ideal T; symmetry
become partially permitted by the spin—orbit interaction due to
distortions in the VO, tetrahedron.”'* Different photo-
luminescent emissions have been obtained by substituting the
network-modifying cation and also by structural lattice
changes."”

Strontium vanadate compounds are promising for use as light-
emitting phosphors, and some structures have already been
elucidated regarding the PL property, such as Sr,V,0,,”"*
St;V,04,'*° and SrgV,0,,."° The optical properties of the
Sr1yVgO,s structure have not yet been reported and are the
subject of this paper. For this purpose, Sr;(VO,5 samples were
synthesized using a microwave-assisted hydrothermal (MAH)
system at 120 °C and with short synthesis times. The samples
were characterized by X-ray diffraction (XRD), field emission
scanning electron microscopy (FE-SEM), and Raman and X-ray
absorption near-edge structure (XANES) spectroscopies. The
crystal growth and morphology, the phase formation, the
photoluminescence excitation (PLE), and photoluminescence
(PL) spectra were also investigated. To corroborate the
experimental results, density functional theory (DFT) calcu-
lations were performed to study the Sr;;V40,; structure and its
electronic properties. This paper reports an experimental and
theoretical investigation of the effects of the MAH time on the
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structural order/disorder degree and PL properties of the SVO
compound.

2. MATERIALS AND METHODS

2.1. Synthesis of Sr;(Vs0,5 Powders. For the synthesis of
Sr1oVsO,s powders, we started by dissolving 3 mmol of
Sr(NO;), (Sigma-Aldrich, 99+%) and 1 mmol of Na;VO,
(Sigma-Aldrich, 99.98%) in 25 mL of deionized water,
separately. The solutions were then mixed at room temperature,
and a precipitate was formed. The pH was adjusted to 12.50 with
6 mol L™ of KOH aqueous solution, and the final volume was
adjusted to 70 mL. The precipitate was stirred for 1 h at room
temperature. Then, the product was transferred to a Teflon
autoclave, which was sealed and placed in the MAH system at
120 °C for 4, 8, 16, and 32 min. The samples were labeled
according to the MAH synthesis time used, i.e., SVO_4,SVO_8,
SVO_16, and SVO_32. The product formed was collected at
room temperature and washed with distilled water to neutralize
the pH (~7). The powder samples were then dried in a
conventional furnace at 60 °C for 24 h.

2.2. Characterization. XRD analyses were carried out with
the Dmax-2500PC diffractometer, Rigaku/Japan, the source of
Cu Ka radiation (4 = 1.5406 A) in the 20 range of 15°—50° at a
step scan rate of 1°/min and step size of 0.02°. FE-SEM analyses
were performed using an FEI microscope, Inspect F50, operated
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Figure 2. Hexagonal unit cell representation of Sr;;V40,s and the bond length values of V—O and Sr—O in [VO,] and [StO,] (x = 6, 7, and 9),
respectively. The Sr, V, and O atoms are represented in blue, green, and red, respectively.

at 10kV. FTIR spectra were collected at room temperature using
a spectrophotometer (Equinox 5S, Bruker) with a diffuse
reflectance accessory. The spectra were collected at a resolution
of 4 cm™!, over wavenumbers ranging from 500 to 2000 cm™L
XPS analyses were performed using the Scienta Omicron ESCA
spectrometer, Germany, with monochromatic Al Ka (1486.7
eV). All of the binding energies were calibrated regarding the C
1s peak at 284.5 eV. The Raman spectra were taken via a Bruker
Optics Senterra spectrometer employing a laser emitting at 532
nm settled to provide a laser power at the sample of about S mW.
Measurements were collected across one spectral window from
50 to 1200 cm™ at a spectral resolution of 3.5 cm™. X-ray
absorption spectroscopy measurements were performed at the
XAFS2 beamline on the Brazilian Synchrotron Light Laboratory
(LNLS) which was operated at 1.36 GeV and 100—160 mA.
XANES spectra of SVO samples were collected at the V K-edge
(4966 V) in a transmission mode at room temperature in the
range 5460—5520 eV, using a Si(111) double-crystal mono-
chromator. For comparison purposes among the different
samples, all spectra were background removed and normalized
using the first EXAFS oscillation as unity. The XANES spectra
were analyzed using the MAX software.”" The PL spectroscopy
atroom temperature was conducted by using the Thermal Jarrell
Ash Monospec 27 cm monochromator, USA, coupled to a
visible detector Hamamatsu R9SS photomultiplier, Japan. A
Coherent Innova 200 K Krypton ion laser (1. = 350 nm), USA,
was used as the excitation source with an incident power of ~14
mW on the samples. The excitation and emission measurements
were performed using a Fluorolog 3 FL3-122 fluorescence
spectrophotometer, Horiba Jobin Yvon, equipped with a 450 W
xenon lamp as the excitation source and a UV—vis photo-
multiplier detector R928P.

2.3. Model System and Computational Method. First-
principles calculations were conducted inside the framework of
density functional theory (DFT) using the CRYSTALI14
software package”” associated with the B3LYP hybrid func-
tional.”*** Diagonalization of the Fock matrix was performed at
an adequate k-point grid (Pack—Monkhorst 1976) in the
reciprocal space. The level of accuracy of the calculation of the
Coulomb and exchange series was controlled by five parameters.
The 107%, 1078, 107%, 107%, and 107" parameters were chosen
for the Coulomb overlap, Coulomb penetration, exchange
overlap, the first exchange pseudo-overlap, and second exchange
pseudo-overlap, respectively, whereas the percentage of Fock/
Kohn—Sham matrices mixing was set to 40. The integration in
the reciprocal space was performed by sampling the Brillouin
zone with a 4 X 4 X 4 Monkhorst—Pack mesh. Sr, V, and O
atoms centers are described by basis sets: PS-311(1d)G, 86-
411d4G, and 6-31d1, respectively, taken from the Crystal Web
site.

The SVO material, with a hexagonal structure, presents two
different lattice parameters “a” and “c” and seven irreducible
atoms in the conventional cell with one-unit formula per unit cell
(Z=1). The theoretical calculation of this structure started from
the XRD data results, and it was necessary to use the same
strategy applied by us” on the Ca V40,5 calculations: remove
one O atom of the structure through the ATOMREMO
keyword of the CRYSTAL program to guarantee the system to
be stoichiometric. From this point, full optimization of the
Sr1yV4O0,s was carried out. From the calculations using the
numerical second derivatives of the total energies implemented
in the CRYSTAL code, the Raman vibrational modes and their
corresponding frequencies were obtained. The band structure of
the Sr;(V¢O,s was calculated for 200 k-points along the
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appropriate high-symmetry paths of the correct Brillouin zone
and also the density of states (DOS).

3. RESULTS AND DISCUSSION

The X-ray diffraction technique was used to determine the
obtained crystalline phase and the long-range order/disorder in
the samples’ lattice. Figure la shows the XRD peaks
corresponding to Sr;3V40,s with a hexagonal structure and
spatial group P6;/m, in good accordance with the Joint
Committee on Powder Diffraction Standards (JCPDS) file
No. 52-1578. Although the XRD results show a small amount of
SrCO;, the MAH method is effective for obtaining SVO at a
relatively low temperature (120 °C) and short synthesis time (4
min). The synthesis conditions are favorable for the formation of
the SrCO; phase, which is easily obtained at room temper-
ature.”® All samples presented an XRD peak related to the
SrCO; phase, according to JCPDS file No. 05-0418.”"

To observe the long-range order/disorder effect of the SVO
samples synthesized by the MAH method, the calculation of the
full width at half-maximum (fwhm) value for the high-intensity
diffraction plane (211) was performed (Figure 1b). The fwhm
values were 0.30, 0.30, 0.31, and 0.26, for SVO_4, SVO_3§,
SVO_16, and SVO_32, respectively. Increasing the synthesis
time to 32 min leads to a more ordered sample in the long range,
with a lower fwhm value. Figure 1b also shows a lower shift of the
diffraction peaks to high angle values, suggesting a contraction of
the unit cell of the SVO_32 sample according to the Bragg
equation, sin 8 = nA/2d. Moreover, the bond distance and bond
angles of the interatomic interaction between V and O atoms in
the network-forming [VO,] clusters were extracted using the
VESTA program (version 3.3.9) (see Table SI-1). The
comparison between all samples showed different V—O bond
lengths and different O—V—0 bond angles, indicating that these
[VO,] clusters are highly distorted.

Figure 2 shows the representation of the SVO unit cell,
illustrating a single conventional unit cell. The lattice parameters
and atomic positions were confirmed using Rietveld refinement
and were the starting point for the DFT calculations. Therefore,
the model of the unit cell and the length of the bond in each
cluster in Figure 2 are the results of the optimization of the
theoretical calculations. The hexagonal unit cell of Sr;;V40,5 is
composed of two and four different atoms of vanadium and
strontium, respectively. The vanadium atoms, designated V1
and V4, are coordinated to four oxygen atoms with different
bond lengths, forming two kinds of distorted tetrahedron [VO,]
configurations, while the strontium atoms are coordinated to six,
seven, and nine oxygen atoms, resulting in the formation of
[SrOq], [SrO,], and [SrO,] configurations, respectively.

The FE-SEM micrograph shows the morphological behavior
of the obtained SVO samples (Figure 3). It is possible to see that
the crystal morphology was strongly influenced by the
interaction time with the microwave irradiation in the MAH
system. For the SVO_ 4 sample, the formation of particles with a
morphology similar to self-organized spherical architectures
with a mean diameter of 2.74 ym (+1.09) was observed (Figure
3a). The spherical organization is composed of a high number of
aligned nanostems (Figure 3b). For the SVO_8 sample, the
morphology remained similar to a spherical architecture with a
mean diameter of 3.03 um (£1.04) (Figure 3c and 3d).
Furthermore, for the MAH times of 4 (SVO_4 sample) and 8
min (SVO_8 sample), particles with a stem-shaped morphology
are formed by the oriented growth of the nanostems that are
initially obtained. Thus, a morphological variation can be seen

Figure 3. Low- and high-magnification FE-SEM images and size
distribution histograms of Sr;(V4O,s samples obtained by the MAH
method: (ab) SVO_4, (c,d) SVO_8, (ef) SVO 16, and (gh)
SVO_32.

between the particles. As the crystal growth time increased to 16
min in the MAH system (SVO_16 sample), the nucleation—
dissolution—recrystallization process, effected by the microwave
irradiation, caused the decomposition of the spherical
morphologies into nanorods. The nanorods are bonded through
coalescence, which produces particles with a mean diameter of
0.658 yum (+0.107) (Figure 3e and 3f). For a synthesis time of
32 min (SVO_32 sample), the particles had a mean diameter of
0.542 pm (+0.085), being formed by many nanorods (Figure 3g
and 3h). These nanorods are possibly formed by the
redissolution and recrystallization processes or by the splitting
mechanism of rods that were formed earlier. The samples
synthesized with synthesis times of 16 and 32 min presented a
decrease in particle size in comparison with the samples
obtained with shorter synthesis times (4 and 8 min). The action
of the microwave irradiation increases the collision rate between
the ions and also the particle nucleation process. Thus, it was
possible to obtain well-organized particles in a short time and a
morphological variation of the particles according to the
synthesis time.
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Figure 4. Particle formation and growth scheme for Sr;(V40,5 with MAH synthesis time.
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A scheme of particle formation and growth is shown in Figure the Sr** and V°* ions in solution. The microwave heating causes
4. The solubilization of the precursors allows the availability of the collisions of the ions and consequently the formation of the
14450 https://dx.doi.org/10.1021/acs.jpcc.0c02768
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[SrO,] and [VO,] clusters. Short distance interactions between
V and Sr with O atoms dominate the formation of these clusters
(intracluster interactions). The interaction between these
clusters at the medium-range cooperate to form crystalline
network moieties (intercluster interactions),”® resulting in the
SVO lattice periodically extended over a long distance.
Initially, the intracluster interactions between Sr—O within
the [SrO, ] clusters and V—O within the [VO,] clusters occur by
induction, with the permanent moment of these clusters
deforming the electronic density of the neighboring ones. In
this way, in the network-forming [VO,] clusters and the
network-modifying [SrO,] clusters, there are modifications in
angles between the atoms and in the lengths of the chemical
bonds (Table SI-1). The modifications in the [SrO,] clusters
were observed through two clusters: [ SrO;] cluster with trigonal
prism arrangement and [SrO;] clusters. As a result, the
distortions expand to the lattice in the medium range by
orientation interactions, in which different [VO,]—[VO,],
[VO,]-[SrO,], [VO,]-[SrO;], [VO,]-[SrO], [SrO,]-
[SrO,], [SrOy]—[SrOg], or [SrO,]—[SrO4] complex clusters
interact by the rotational motion of their permanent moments.
As a consequence, the long-range dispersion interactions in the
crystal lattice cause the polarization of some regions of the
particle. As a result of these interactions, surfaces with different
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surface energies are produced. These in turn direct the
nucleation of the crystallites, forming particles with nanostem
morphology that interact and aggregate to create a self-
organized spherical particle. The variation in the MAH synthesis
time causes the redissolution/recrystallization process that
affects the intracluster and intercluster interactions, changing
the exposed surfaces. Different exposed surfaces affect the
collision and shock of the particles, consequently conditioning
the final morphology.

Different interactions between [SrO,] (x = 6, 7, and 9) and
[VO,] clusters cause the coalescence of the particles that turn
into nanorod agglomerates. Subsequently, these rods may
undergo a process that splits them into smaller rods. These rods
then agglomerate or undergo a new stage of the redissolution
and recrystallization process to form the morphology observed
in the final synthesis time of 32 min. Therefore, the interaction
between [SrO,] and [VO,] clusters causes a short-, medium-,
and long-range order/disorder effect on the newly created
excited states on different surfaces, and as a consequence, there
is a change in particle morphology that results in different PL
properties.

The FTIR (Figure SI-1 of the Supporting Information (SI))
and the XPS (Figure S) measurements were performed to
investigate the presence of the SrCOj; phase that is together with
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Figure 7. (a) Normalized XANES spectra of reference compounds and the SVO_32 sample. (b) Normalized V K-edge XANES spectra of the
Sr,V40,5 samples obtained by the MAH method at 120 °C with variations in synthesis time.

SVO samples as was observed previously by XRD (Figure 1a).
Figure SI-1 shows the FTIR spectra for the SVO samples. The
band at 556 cm ™ is attributed to the angular deformation of the
V—0—Vbond.” The bands at 820 and 876 cm ™ are assigned to
the asymmetric (13) and symmetric stretching (v, ) vibrations of
the V=0 bonds of the VO, tetrahedron.””" The 967 cm™!
mode corresponds to symmetric stretching vibrations of the
shorter V—0 bond.** All samples presented bands around 1393
and 1426 cm™" that are related to the elongation vibrations (v3)
of CO; ions.”" The strong and broad band at 1493 cm™ is
attributed to the asymmetric stretching vibration of the C—O
bond.”” Finally, the band at 1659 cm™ corresponds to bending
vibrations of adsorbed H,0 molecules.””*"

The survey spectra (Figure Sa) showed that all SVO samples
presented peaks of Sr, V, O, and C atoms and indicate the
formation of the SrCOj; phase being confirmed by the high-
resolution spectra of the C 1s and O 1s (Figure SI-2). In the
deconvolution of the high-resolution spectrum of the C 1s, the
presence of three peaks of binding energy (BE) was observed.
The peak at ca. 284 eV (red) corresponds to carbon
contamination from the atmosphere, while the peak at ca. 288
eV (purple) is related to the carbonate phase (O—C=0).** The
deconvolution of O 1s spectra is shown in Figure SI-2b. The
peak at ca. 529 eV (blue) is attributed to lattice oxygen ions
(0*7) within the SVO.***** The peak at ca. 531 eV (pink peak)
is related to O bonded with C (O—C) in the carbonate ions
(CO%"), which confirms the presence of SrCO;.”*** The
SVO_8 and SVO_16 samples presented a higher percentage of
superficial carbonate at 47.70% and 53.31%, respectively,
confirming the intense carbon peak in the survey (Figure Sa).
The peak O s at ca. 532 eV (olive) may be related to the oxygen
in C—O(H)?” or chemisorbed oxygen impurities (CO,, H,O, or
adsorbed O*").”® High-resolution spectra of Sr 3d and V 2p are
shown in Figure Sb and Sc. The higher BE of V (2p5,, 2py5) at
516.47 and 524.24 eV are attributed to the oxidation state V**
(Figure 5b).>” The Sr 3d high-resolution spectra show the
characteristic splitting of the peak into two 3d;, and 3d;, spin—
orbit doublets centered at 132.45 and 133.84 eV, respectively
(Figure Sc).

The SVO_8 and SVO_16 samples exhibited a lower BE
intensity of the V and Sr atoms. This can be related to the high-
intensity C 1s peak, suggesting that there may be a high amount
of SrCOj in these samg)les due to strong interaction with CO,
and H,0 molecules®”***'** (Figure Sa). The amount of surface
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carbonate interfered in the identification of Sr and V atoms in
the structure of the samples, as can be seen in Figure Sb and Sc.
Although there was carbonate on the surface of the samples, as
detected in the XRD spectra (Figure 1), it does not have a strong
influence on the properties of the crystals.

The Raman spectra for SVO samples synthesized with
different synthesis times at 120 °C in the MAH system are
shown in Figure 6a. Bands in the lower frequency region of 100—
290 cm ™" are assigned to lattice mode vibrations. In the range of
346—852 cm™', bands are attributed to the VO3 tetrahe-
dron.””** At 346 and 363 cm™!, bands are assigned to O—V—0
symmetric bending vibrations. At 395 cm™' the band
corresponds to bending vibrations. The shoulder at 795 cm™
is attributed to O—V—0 asymmetric stretching vibrations, while
the 817, 836, and 851 cm™! bands are attributed to V—0O
symmetric stretching vibrations. All samples presented the band
at 1072 cm ™" with a lower intensity corresponding to the SrCO,
phase.***> These relative positions of the Raman-active modes
obtained experimentally are compared with the theoretical
results in Figure 6¢c. This comparison confirms the good
agreement of both experimental and theoretical results.

The short-range order/disorder effect was studied using the
fwhm calculation of the band at 851 cm™, corresponding to the
[VO,] cluster in the Sr;,VO,; structure (Figure 6b). The fwhm
values found were 10.07, 12.64, 21.26, and 16.67 for the samples
SVO_4, SVO_38, SVO_16, and SVO_32, respectively. The
SVO_4 and SVO_8 samples obtained with the short synthesis
times of 4 and 8 min at 120 °C showed lower values of fwhm and
definition in the bands (Figure 6b). This indicates a possible
short-range order. Increasing the synthesis time to 16 min
resulted in the redissolution/recrystallization process of the
particles, as indicated by the change in the morphology of the
particles (Figure 3f) and by the increase of the short-range
disorder in this material. For a synthesis time of 32 min, the
particles begin to reorganize, leading to a slight decrease in the
fwhm value observed for the SVO_32 sample.

XANES spectroscopy is a powerful technique to probe the
local structure of amorphous and crystalline materials. Figure 7a
shows the V K-edge XANES spectrum of the representative
sample SVO_32 and also the vanadium-based reference
compounds, ie., Na;VO,, NH,VO,, V,0, and V,O;. It can
be seen that the spectrum of the SVO_32 sample is similar to the
Na,;VO, reference spectrum, where the VO3~ orthovanadate
group and the V cation are coordinated by four oxygen anions in
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a tetrahedral symmetry (T,;) and with a V** oxidation state.* In
addition, the pre-edge peak of the SVO_32 sample presents a
prepeak slightly more intense when compared to the Na;VO,
reference peak, suggesting an increase in the degree of disorder
in the [VO,] clusters.*”*%*%%°

To observe the influence of the MAH synthesis time on the
electronic structure and local order/disorder in [VO,] clusters,
V K-edge XANES spectra were collected, as displayed in Figure
7b. The similarities between the spectra of the SVO samples
indicate that vanadium is in a tetrahedral symmetry, with an
oxidation state of 5+. Furthermore, it can be inferred that the
pre-edge peak is characteristic of vanadium’s tetrahedral
coordination, originating from transitions from V 1s core levels
to the 3d state. This transition is forbidden by the dipole
selection rules in a centrosymmetric system but allowed in a
noncentrosymmetric system occasioned by a strong mixture of
the 3d and 4p orbitals and the overlapping of the 3d orbital with
the 2p orbitals of the surrounding O atoms.'**’*'* As
mentioned above, the SVO samples exhibited local disorder
around [VO,] clusters; however, the increase of MAH synthesis
time did not affect the degree of disorder of the samples, as seen
in Figure 7b.

To understand the electronic structure and the PL property of
the SVO, the band structure (Figure 8) and the density of states
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Figure 8. Band structure calculated for the Sr;,V¢O,; structure with an
indirect transition between the VB and CB.

(DOS, Figure 9) were analyzed from the theoretical calculations.
The band structure reveals the values of the optical band gap
energy (Egap) involved in the electronic transitions between the
valence band (VB) and the conduction band (CB) in a perfect
SVO crystal. The calculated value of E,,; is 3.05 eV and is an
indirect transition between the L—I" points in the Brillouin zone.
It is important to highlight that the direct transition between the
I"-points is very near the indirect value, with an E,, value of 3.07
eV.

To verify what kind of orbitals are involved in these electronic
transitions, it is necessary to analyze the DOS, which gives
information about these atomic orbitals. From the analyses of
the projected DOS on each atom (Figure 9a), it is possible to
affirm that the VB is mainly composed of a major contribution of
O atoms and a minor contribution of Sr atoms. It is also possible
to conclude that the top of this band, in other words, the last
occupied orbital of the VB, derives from the O 2p_ and Sr 4p, +
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4d,, +4d,, orbitals. In contrast, the CB is mainly formed by the V
states, with a significant contribution of O states. The bottom of
this band derives from the V 3d and O 2p orbitals. To
understand how the Sr;;V40,; structure is formed by a different
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Figure 10. Deconvolution of PL spectra with Voigt Area G/L curves (red line) and percentage of color area in the violet, blue, green, and yellow regions
for the Sr;;V40,5 samples obtained by the MAH method at 120 °C with synthesis time variation.

arrangement of V and Sr atoms, an analysis of the partial DOS
(PDOS) from these different clusters was also performed. Figure
9b shows the PDOS derived from the [SrO4], [SrO,], and
[SrO,] clusters. From this result, it is possible to affirm that the
atomic orbitals of [SrO;] clusters are responsible for the last
occupied orbital of the VB with the O 2p, and Sr 4p, + 4d,, +
4d,. orbitals. Figure 9c presents the PDOS derived from both
[VO,] clusters. There are two different [VO,] clusters in the
Sr1oVO,; structure which are named by V1 and V4 atoms, and
according to our result, it is possible to affirm that the atomic
orbitals of V atoms from both [VO,] clusters are responsible for
the first unoccupied orbital of the CB, comprising the V 3d (3d,?
+3d,, + 3d,, + 3d2_p + 3dxy), and only the O 2p orbitals
coordinated to the V4 atoms contribute to this first unoccupied
orbital at the bottom of the CB, as shown in Figure 9¢. Thus, it
can be proposed that the electronic transitions in the SVO occur
from the excitation of the VB maxima region, located in the
atomic orbitals corresponding to the Sr—O bond of the [SrO;]
clusters, to the CB minimum region, corresponding to the empty
atomic orbitals located at the V—O bond of the [VO,] clusters.

The PL properties of the SVO samples were monitored at
room temperature with excitation at 350 nm (Figure 10). PL
spectra were fitted with three Voigt Area G/L curves centered at
2.72 €V (blue region), 2.38 eV (green region), and 2.10 eV
(yellow region) for SVO_4, SVO_8, and SVO_16 samples,
respectively. The SVO_32 sample presents additional emissions
at 2.86 eV (violet region) and 2.63 eV (blue region), showing a
small shift of the emission for the high energy. The emission
displacement refers to the difference in energy (AE) between
the VB and CB, being related to the distortions in the V—O
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bonds in the [VO,] clusters.”® These distortions are related to
the different forms of intracluster and intercluster interactions
between [SrO,] and [VO,] clusters that change the degree of
order/disorder in the crystal lattice.”® As a result, the excited
states of the different surfaces change, which in turn changes the
band gap, the morphology, and consequently the PL. As
observed in the XRD spectrum (Figure 1b), the SVO_32 sample
showed a lattice contraction, and by decreasing the V—O
distance, the transition energies AE increased, gresenting high
energy emission in the violet and blue regions.1 Therefore, the
long- and short-range structural distortions in the SVO samples
lead to a change of the surface and energy levels and thus a
change in the PL properties of the samples. In addition to the
charge transfer transitions from the [SrO,] to [VO,] cluster,
there is the contribution of additional energy levels within the
band gap. In this way, it can be proposed that the distortions
present in the [VO,] clusters have caused the formation of
defects (intermediate levels between the VB and CB) that are
responsible for the emissions in the green and yellow regions. In
order to understand the PL mechanism observed in Figure 10,
excitation and emission measurements were performed for all
samples using a xenon lamp, as shown in Figure 11. In this way,
the emission spectra were constructed with excitation at 350 nm,
the same energy used in the laser excitation.

The excitation (PLE) and emission (PL) spectra for SVO
samples prepared with different synthesis times at 120 °C are
shown in Figure 11. The PLE spectrum was made by monitoring
the maximum emission at 500 nm of the PL spectra shown in
Figure SI-3a, which is the same maximum for the PL spectra of
Figure 10. Figure 1la shows that all samples presented a
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method at 120 °C with synthesis time variation.

broadband excitation from 300 to 470 nm with a maximum near
400 nm (3.10 eV) and a weaker band near 320 nm (3.87 eV).
For the PL spectra, the samples were excited at 350 nm, and the
same energy was used for the PL spectra of Figure SI-3a. All
samples show a broadband emission from 375 to 650 nm, with a
maximum near 440 nm (2.82 eV) (see Figure 11b). These
transitions are attributed to ligand—metal charge transfers in the
tetrahedral [VO,] cluster with T,; symmetry."”">** Given these
results, a PL mechanism was proposed for the Sr;(VO,s
structure.

The PL mechanism for SVO samples is shown in Figure 11c.
First, the electronic excitation process occurs from the ground
state 'A,; to the excited states 'T, and 'T . Then, a decay to lower
energy levels, 3T, and 3T, occurs, and only then the electron
decays to the ground state ('A,) with photon emissions. In the
PLE spectra, the absorption occurs at 320 nm (3.87 €V),
corresponding to the charge transfer transition 'A; — 'T, and
the high transition intensity at ~400 nm (3.10 eV),
corresponding to the 'A; — 'T, absorption. The maximum
intensity absorption is attributed to the charge transfer transition
from the O 2p orbital, with a small contribution from Sr 4p and
4d to the V 3d orbital. Besides, the broadband spectra of PLE
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show that other energy states, such as 3T, may have been
populated since an absorption at ~425 nm (2.92 eV) is observed
for all the samples. The transitions ('A; — *T,) become partially
possible due to the spin—orbit interaction originated by the
distortions in the [VO,] clusters.”*>> These distortions can be
originated from interactions with the different distorted [SrO,]
clusters that have participation in the VB.

The PL spectra show the emission bands at 425 nm (2.92 eV)
for the *T, — 'A, transition and at 440 nm (2.82 €V) for the *T,
— A, transition as well as emission at ~465 nm (2.67 V),
which was attributed to the energy level within the band gap and
shallow defects in the blue region that are close to the CB (see
Figure 11c). For the SVO_16 and SVO_32 samples, emission at
507 nm was observed, indicating the formation of a further
intermediate state at 2.44 eV, which is formed due to the high
short-range distortions in the [VO,] clusters, as seen in Figure
6b. The distortions cause a change in charge density around the
V and Sr atoms and thus favor the formation of intermediate
states within the band gap of the materials. Furthermore, all
samples exhibited broadband emission from 350 to 650 nm,
with displacements at the maximum emission. The difference in
PL emissions is due to distortions in [SrO,] and [VO,] clusters
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in the SVO lattice, which cause a change in the microstructure
and surface energy of the samples.

To evaluate the difference in PL for all samples, the
chromaticity coordinates (%, y) of the Commission Internatio-
nale de I'Eclairage (CIE) diagram were obtained (see Figure SI-
3b and Table SI-2). The literature shows that the CIE
coordinates for the balanced white light region are in the
range x = 0.28 to 0.35 and y = 0.30 to 0.37.5%" Therefore, the
SVO_ 32 sample has a PL emission close to the pure white point
at x = 0.33 and y = 0.33 (see Table SI-2). The prolonged
synthesis time (32 min) caused the dissolution and recrystalliza-
tion process, which generated a contraction in the crystal lattice,
resulting in large V—O distortions in the short range, as shown in
the XRD and Raman spectra (Figure 1b and 6b). These
distortions alter the surface energy and consequently change the
band gap due to the formation of defects as intermediate levels in
the forbidden region, which contributed to the emission (see
Figure 10). The broadband emission for the SVO_32 sample
favored PL in the white light region of the CIE chromaticity
diagram. For the other samples, only three levels of emission
energy were observed in the blue, green, and yellow regions
(Figure 10). The SVO_4 sample showed a high percentage of
blue emission (56%), in the cyan region of the CIE chromaticity
diagram. The SVO_16 presented 49% of the blue emission, in
the bluish-green region of the CIE color diagram, and the
SVO_ 8 sample has a shift to the green region in the CIE color
diagram. In this way, it can be observed that the variation in the
synthesis time (4, 8, 16, and 32 min) in the MAH system caused
different types of order/disorder in the lattice, which changed
the surface energy, altering the band gap and the PL property of
the SVO.

4. CONCLUSION

The Sr (V0,5 structure was successfully obtained by the MAH
system at a temperature of 120 °C and short times of 4, 8, 16, and
32 min. The diffractograms and micrographs showed that the
microwave system favored the formation of the particle with a
hexagonal structure with different morphologies. The variation
in synthesis times modified the intracluster and intercluster
interactions in the short-, medium-, and long-range and thus
promoted a change in the surface energy, altering the
morphology and particle size. Raman spectroscopy confirmed
structural distortions in the [VO,] clusters of the network of
samples obtained with longer synthesis times of 16 and 32 min.
The variation in synthesis time in the microwave system caused
different distortions in the SVO lattice, mainly in the [VO,]
cluster. XANES spectra confirmed that all samples are formed by
tetrahedral [VO,] clusters where V atoms have oxidation state
+5. Theoretical calculations confirmed that the VB is composed
of [SrO, ] states, with a major contribution of [SrO,] clusters on
the top of this band, and the CB is mainly composed of states
from [VO,] clusters. They also confirmed that there is no
significant difference between a direct and indirect electronic
transition in the Sr;jV4O,s structure. The phosphors were
excited by UV light centered at 350 nm at room temperature and
showed a broadband emission from 350 to 750 nm with a
maximum emission near 500 nm. The CIE chromaticity diagram
showed emissions in the white region. The UV light from a 150
W xenon lamp allowed us to understand the process of
excitation and emission within the SVO samples, and thus a PL
mechanism was proposed for these samples. It can be concluded
that distortions in the [SrO,] and [VO,] clusters create new
intermediate levels within the band gap, possibly modifying the

surface energy, morphology, and photoluminescent property of
the samples.
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