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VO?" doped SrSn(PO4)2 nanopowder was prepared by solid-state reaction method. The obtained nanopowder was studied using XRD,

SEM, HR-TEM, FT-IR, optical absorption, EPR, and PL measurements. The X-ray diffraction analysis revealed a monoclinic structure of

VO?" doped SrSn(POs): nanopowder and exhibited an average crystallite size of 26 nm. The size is in the nano scale and the W-H plot

approach was also in agreement with this value. SEM and HR-TEM images show the non-uniform stone-like particle morphology of the

prepared sample and confirm information about the average particle size of nanopowder, while EDS analysis confirms elemental composition.

The selected area electron diffraction pattern revealed the sample crystalline by means of rings corresponding to XRD planes. Vibration

modes related to phosphate functional groups were observed in FT-IR studies. The optical absorption spectrum shows characteristic VO?*
peaks at 520, 668, and 824 nm, and the crystal field and tetragonal parameters were evaluated: Dq = 1497, Ds = -2331, and Dt = 1028 cm"'.

From the EPR spectrum, Hamiltonian parameters and hyperfine coupling constant values were calculated. The associated CIE chromaticity

coordinates and CCT parameters were computed from the PL spectrum, and they indicate possible applications in LEDs and lighting devices.
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INTRODUCTION

In the earlier two eras, nanotechnology has fetched
different changes from other technologies, several new
revolutions are found in materials and monitored their
structures, useful to several applications. Another significant
part of nanotechnology is the miniaturization of present and
new instruments, machines, and sensors. This will show an
extraordinary effect on the world we reside in [1,2].

Due to their good homogeneity, high brightness, wide
band gap and thermal stabilities at sintering temperature,
phosphate-based compounds have received a lot of attention
recently [3,4]. Numerous studies have shown that the
dimensions, shape, and chemical composition of functional
materials have an impact on their physical, chemical, and
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mechanical capabilities. One-dimensional nanomaterials,
such as nanorods, nanowires, nanofibers, and nanotubes are
frequently employed in the production of electrical,
photocatalytic, optical, and luminescent devices [5-8]. In
display devices and solid-state lightening Apatite-type
phosphors play a crucial role [9,10].

Numerous techniques
phosphate-based nanophosphors [11]. Solid state reaction
(SSR) is the best method for the creation of nanophosphors

and to grow polycrystalline materials [12,13]. Rare earth

were used to prepare the

(RE) metal ions exhibit high luminescence properties, and the
synthesis of RE-doped materials requires a very high
temperature. However, transition metal (TM) ions may be
appropriate to replace the RE ions [14]. Strontium (Sr) is an
alkaline earth metal useful in the formation of bone and it has
other outstanding qualities, such as radio-opacity and
antibacterial activity [15,16]. Tin phosphates are effectively



Ravikumar et al./Phys. Chem. Res., Vol. 12, No. 3, 771-781, September 2024.

used as sorbents, electrical probes, and reagents [17,18]. Due
to their multidisciplinary nature, vanadium ions are used in
the field of luminescence, sensors, lasers, and as a cathode in
lithium-ion battery technologies. Vanadyl-doped materials
exhibit sufficient catalytic nature for reversible redox cycles
between V*" and V3' states. Vanadyl ions play a crucial
function as a dopant in phosphate applications because of
their long-wavelength excitation and emission capabilities
[19]. In the present work, for the first time, an attempt is made
to prepare the SrSn(PO4),:VO?* nanopowder by SSR method
and consider its various structural, morphological, and
optical properties as new LED material.

SYNTHESIS AND CHARACTERIZATION

Analytical grade chemicals, Strontium Chloride
Hexahydrate (SrCl,.6H>0, 99.9%), Ammonium dihydrogen
orthophosphate (NH4H>P04,99.9%), Stannous Chloride
Pentahydrate (SnCls.5H20, 99.9%) and 0.01mol% of
Vanadium pentoxide (V20s) were procured from HiMedia
Laboratories Pvt. Ltd, Mumbai, India were used as starting
reagents for the fabrication of vanadyl doped SrSn(POs);
(STP) nanopowder.

In order to prepare the sample, 2.666 g of SrCl,.6H,O,
7.003 g of NH4H,PO4, and 2.300 g of SnCls.5H,O were
weighed according to stoichiometric proportions and ground
for 30 min using an agate mortar and pestle. Then, the
mixture was inserted into a crucible and subjected to high
temperature using programmable muffle furnace. The
synthesis was carried out at 500 °C for 2 h, and then, the
crucible was taken out and cooled. Then, the sample was
ground well. At the next step, the sample was treated at
950 °C for 2 h. The crude product was remained then allowed
to cool or become evenly powdered at room temperature. The
final powder substance was used for characterizations.

A PanAnalytical X-pert powder diffractometer CuKa
(1.5406 A), 20 = 6° to 60° was used to record the PXRD
pattern. SEM patterns with EDS were recorded by using a
JEOL JSM-IT 500 for surface morphology and chemical
composition. Micrographs, surface topography, and selected
area electron diffraction (SAED) patterns were obtained
using JEOL JEM-2100 High-Resolution Transmission
Electron Microscopy (HR-TEM). A Shimadzu IRAffinity-1S
FT-IR instrument was employed to capture spectrum over
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400-4000 cm™'. UV-VIS absorption spectrum in the range of
200-900 nm was recorded by a JASCO instrument. The EPR
spectrum of the prepared powder was taken using a JEOL
JES-TE 100 EPR spectrometer. A Horiba JY Fluorescence
spectrometer fitted with a 450W Xenon lamp was used to
measure the PL spectrum.

RESULTS AND DISCUSSION

X-ray Diffraction Studies

The diffraction pattern for the VO?' doped sample
exhibited several peaks, as shown in Fig. 1. This pattern is
well matched with the reported JCPDS File no. 33-150
[20,21]. SrSn(POa4). has exhibited monoclinic system with
C2/c space group. Sr** is bonded with 8-coordinate geometry
around eight O atoms. Sr—O bond distances ranging from
2.61-2.99 A. Sn** is bonded to six 0> atoms to form SnOe
octahedra that share corners with six equivalent POs
tetrahedra. The lattice parameters reported as a = 1.689,
b=0.531,¢c=0.816 nm, = 115.43°. The Debye-Scherrer’s
formula was used to determine the crystallite size of the VO?*
doped SrSn(POs4), sample [14].

092
B cos 6

(1
By using K = 0.9 (shape factor), 1 = 1.5406 A (X-ray
wavelength), FWHM of the most intense diffraction line ()
and Diffraction angle (0) the estimated crystallite size is 26
nm. By the W-H plot method average crystallite size is
determined as 33 nm and the related plot is shown in Fig. 2.
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Fig. 1. XRD pattern of VO?* doped SrSn(PO4), nanopowder.
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Fig. 2. W-H plot of VO?* doped SrSn(PO4), nanopowder.

The cell parameters of VO?* doped SrSn(PO4), nanopowder
are determined as a = 1.665 nm, b =0.526 nm, ¢ = 0.798 nm,
and B = 115.69°. The small variations in the lattice cell
parameters may be due to VO?* impurity entering into the
lattice. The calculated and observed values of Miller indices
and d-spacings are tabulated in Table 1. The micro-strain (&)

and dislocation density (&) of preparing STP: VO?* sample
B cos @
—,—and

8 = —as0.1303 x 1073 and 1.479 x 1015”nérespectively
D m

was also calculated using relation equations € =

as shown in Table 2.

Table 1. Miller Indices of Vanadyl Doped Strontium Tin Phosphate with +£0.001 Error

20 d-spacing Relative
Observed Calculated Observed Calculated Intensity h k 1
11.991 11.926 7.419 7.528 12 2 2 0
17.718 16.776 5.002 5.281 03 1 1 0
20.849 19.377 4.257 4.577 100 1 1 -1
22.501 22.434 3.995 3.960 04 1 1 1
26.031 26.324 3.420 3.383 44 4 0 )
27.973 28.108 3.187 3.172 15 1 1 )
28.976 28.667 3.079 3.111 51 3 1 -2
30.829 30.394 2.898 2.939 16 3 1 1
31.793 31.429 2.812 2.844 78 5 1 -1
34.164 34.666 2.622 2.823 04 0 2 0
35.925 36.120 2.498 2.485 23 6 0 0
36.562 34.156 2.456 2.623 38 0 2 1
37.316 38.005 2.408 2.366 07 3 1 -3
39.509 38.083 2.279 2.361 01 2 2 1
40.384 40.253 2.239 2.239 12 3 1 2
41.080 39.338 2.195 2.289 23 2 2 -2
45.895 47.381 1.975 1.917 15 2 0 -4
47.341 45.791 1.919 1.980 25 2 2 2
49.229 48.128 1.849 1.889 44 4 2 -3
50.123 50.230 1.819 1.815 04 5 1 2
51.444 51.930 1.775 1.759 02 3 1 3
52.272 52.611 1.749 1.738 37 9 1 -2
53.766 51.204 1.704 1.782 06 1 3 1
55.668 51.905 1.650 1.760 06 3 3 0
57.137 55.809 1.611 1.646 09 8 2 -1
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Table 2. XRD Parameters for Vanadyl Doped Strontium Tin Phosphate

Sample name Scherrer’s method W-H method
D (nm) §x10% & x107 D(m) 6 x10" € x 107
VO?% doped 26 1.479 0.1305 33 9.182 -0.11

Fig. 3. SEM images of VO?* doped SrSn(PO4), nanopowder.

Morphological Studies

SEM is commonly used to observe the surface k& /\ o
morphology of prepared sample. Figure 3 depicts SEM 124 \ Average particle size
images of VO* doped SrSn(PO4), nanopowder. The SEM =36.76 im
images exhibited non-uniformly distributed stone-like 101
structures with characteristic size below 37 nm [22]. The
histogram graph of the particle size distribution is § )
represented in Fig. 4. EDS spectrum of VO doped & 3l
SrSn(PO4)> nanopowder is represents in Fig. 5 and it displays
the presence of independent peaks of Strontium (Sr), Oxygen 4

(O), Tin (Sn), Phosphorous (P), and Vanadium (V) species. / \
2

. L~
HR-TEM Analysis \yq

K . . 0 T
HR-TEM images and SAED patterns can provide phase 10 a0 i P2 80 .4 %0 &

Particle size (nm)

Fig. 4. SEM Histogram graph of VO?" doped SrSn(POa),
nanopowder.

structure and morphology studies for synthesized sample.
Fig. 6a shows the HR-TEM image of VO?*" doped SrSn(PO.)>
nanopowder with magnification of 100 nm. HR-TEM images
of the sample clearly demonstrated stone-like structures.
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Fig. 6. (a) HR-TEM micrographs (b) SAED pattern of VO
doped SrSn(PO4), nanopowder.

Figure 6b exhibited the selected area electron diffraction
(SAED) pattern of the sample. The ring patterns of (2 2 0),
(311),and (11 3)shown in Fig. 6b confirm the particles are
crystalline in nature and matched with XRD analysis.
Figure 7 gives the average particle size observed using TEM
image of 100 nm by histogram analysis was said to be around
30 nm with the help of image-J software.

FT-IR Analysis

Figure 8 is the vibration spectrum of VO?" doped
SrSn(PO4), nanopowder. The spectrum shows the typical
symmetric, asymmetric bending, and stretching vibrations of
phosphate and hydroxyl ions. The phosphate ion has four
fundamental frequencies and tetrahedral (Tq) symmetry.
SrSn(PO4), sample exhibits P-O-H vibration modes between
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Fig. 7. HR-TEM Histogram graph of VO?* doped SrSn(PO4),
nanopowder.
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Fig. 8. FTIR spectrum of VO? doped SrSn(POu),
nanopowder.
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1500 and 2400 cm™' [23,24]. The band observed at 997 cm™!
is assigned to (PO4)* ion as (v;) symmetric stretching mode.
Symmetric (v,) and asymmetric (v,) bending vibrations
were identified at 438 cm™ and 501, 541, 667 cm’!, while
asymmetric stretching vibrations (v5) occurred at 1009, 1044
and 1234 cm™'. The bending modes (v,) hydroxyl group were
represented by the vibrational bands at 1593, 1701, and
1753 cm’', whereas the P-O-H mode of vibration was
represented by the bands at 2072, 2270, and 2367 cm’'
[14,25-27]. In Table 3 all vibrational bands and their
assignments are shown.
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Table 3. Vibrational Band Head Data and their Assignments of VO?* Doped SrSn(PO4), Nanopowder

Vibrational frequency (cm™)

Band assignment

438

511, 550, 659
770

997

1026, 1061, 1217
1593,1701, 1753
2072,2947, 3654

Symmetric bending mode of PO4* (v,)

Asymmetric bending mode of PO4> (v,)

Symmetric stretching mode of P-O-P band
Symmetric stretching mode of PO4* (vyy

Asymmetric bending mode of POs* (v3)

Bending modes of hydroxyl ions
Vibrational modes of P-O-H band

Optical Absorption Studies

Typically, a vanadium compound consists of 5 or 6
oxygen atoms where one of the oxygen atoms forms a
vanadyl ion through a double covalent bond with the metal.
Ground state 2Ty, is produced when unpaired d' electron
occupies the t,, solitary unpaired electron of VO?* ions.
When the electron transits to the upper orbital e, and
2B, creates the term by absorbing the energy. In reality,
2T, = 2E, changes to a perfect octahedral symmetry for the
electron. To witness the John-Teller effect, VO*" must
migrate to a reduced tetragonal symmetry (Cs) as it never
exhibits pure octahedral symmetry. The 2T, term, which
breaks into the By, and E, sublevels, is a singlet in the
ground state. The state *Egthen is divided into the states
2By, and %A, Three different transitions are possible, i.e.
2B,y = 2Eg, 2Bog = 2Big, and 2Byg = 2A .. The order of energy
level is ?Byg < ?Eg < 2By < A1 [11]. Figure 9 shows the UV-
visible absorption spectrum of VO?* doped strontium tin
phosphate nanopowder. We identified three bands in this
spectrum at 572, 668, and 824 nm as shown in Fig. 9.

2BZg - 2Eg (dxy - dxz,yz) (2)
2Byg =?Byg(dyy = dy2_2) (3)
’Byy —*A14(dyy — d,2) 4)

The following equations can be used to compute the
tetragonal field parameters (Ds) and (Dt), as well as the
crystal field parameter (Dq).

B,y = *E4=-3Ds + 5Dt= 12133 cm’! %)
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Fig. 9. Absorption spectrum of VO?' doped SrSn(PO.):
nanopowder

’B,, =*B; 4= 10Dq = 14965 cm’! (6)

Byg = *A14 = 10Dq —4Ds - 5Dt= 19151 cm’! 7
and obtained values are Dq = 1497, Ds = -2331, and Dt =
1028 cm™!. The calculated values are in good agreement with
earlier reports [28]. The band gap analysis was implemented
by using the reflectance data, and the Kubelka-Munk
absorption function (K/S) was plotted by the following
equation [29]:

F(R) = (1-R)*2R = K/S 8)

From Fig. 10 the band gap of STP: VO?** was estimated
as equal to 2.88 eV. The band gap value offers a potential for
use in devices like LEDs and photovoltaic cells.
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Fig. 10. Energy bandgap of VO?' doped SrSn(POu),

nanopowder.

EPR Studies

EPR is a potent method for describing the bonding nature
with the ligands. Paramagnetic ions and their symmetry with
ligands can also be determined from the EPR spectrum. At
low concentration of paramagnetic ion, electronic (S = 1/2)
and Zeeman interactions (I = 7/2) with selection rules,
spectrum exhibits hyperfine octet structure. The isolated V+*
ions are shown by the resonance signal’s sharper lines. As
recorded at room temperature, the EPR spectrum of the
sample is presented in Fig. 11 and it shows the resonance
signals. The calculated values of g, = 1.9323, g,= 1.9712,
Ay =207 x 10* and A;= 56 x 10* cm’ respectively.
If the VO* doped sample exhibits g, < g, < g, and
A, > A, gives the tetragonally distorted octahedral symmetry
[30]. The tetragonality of the vanadyl compound was
evaluated by Ay/A; = (ge — 91)/(ge — g1) = 1.2335. If
this ratio is greater than one, the VO?' ions tetragonally
deformed character will be seen in the host lattice.

By using optical and EPR data, we calculate molecular
bonding coefficients B2, BZ. The following equations [31]
give the Fermi contact term (k) and dipolar coupling constant

(P).

g = gel1 — (25E0)) ©)
g1 = g1 - (222)) (10)
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Fig. 11. EPR spectrum of VO?" doped SrSn(POu),
nanopowder.

Here g, = 2.0023 is the free electron, A (= 170 cm™) is
spin orbit coupling constant, 8; and 8, were the degree of in-
plane o and  bonding respectively.

Ay =P[-2fF —x+(g -9 +2(91— 9] (1D
Ay =PEp} —x+7(91 — g0)] (12)

Where, A, and A, are parallel and perpendicular
components of hyperfine coupling. The value of dipolar
constant (P) = -165 x 10* cm™ is calculated from the
following equation while ignoring second-order effects,

_7A-AL

(13)

3
6+E(H)

The isotropic values of g and A are determined by the
following equations

2
Jiso = (gl3+9u) (14)

_ 2(ALtAp

A
iso 3

(15)

Using Eqgs. (14) and (15) Fermi constant can be evaluated as

Aiso

K=- ' (Ge — Giso) (16)
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The obtained x = 0.728 value indicates a weak
contribution from the vanadium 4s orbital to the vanadyl
bond in the produced sample, while the values i = 0.770,
Bz =1.109 and y*> = 0.998 are evaluated these values are in
the range of 0.5 and 1.0, respectively, suggesting the
existence of partial covalent bonding in planar bonds.

Theoretical Studies of Optical and EPR Parameters

The total single electron wave function including the
contributions from p- and s-orbitals of ligands may be
expressed as

Y= Ntl/z (¢t - )\ftXpt) (17)
Y. = Nel/z (¢e - }MeXpe*}\‘sXs ) (18)

Were ¢, (the subscript y = e of t stands for the irreducible
representation of Oy group) is d-orbital of 3d" ion. ypy and ¥
are p-orbital and s-orbital of ligand. N, and A, (or As) are
respectively, normalization factors and orbital mixing
coefficients. The normalization relationship can be given as

Ni(1 - 2ASap+ A2 =1 (19)

Ne (1 - 22eSdpe - 2AsSas + A2 + A2 = 1 (20)
And the approximate relationships
N2 = NtZ [1 + Z}Mtzsdptz = 2}\-tsdpt] (21)
N2 = Nez [1 + )\-eZSdpe2 + )\-szsds2 - 2}\-esdpe - 27\4ssds] (22)
Here N is the average covalency factor characteristic of the
covalency effect (or reduction of spin-orbit coupling
coefficient and dipolar hyperfine structure parameter) of the

central ion in crystals. The spin-orbit coupling coefficients
and orbital reduction factors can be written as

E= N (Eat+ M&p2) (23)
£= (NN (&~ Mht2) (24)
k=N (1+ 7»3/2) (25)
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k=(NN)"2[1 - Mhe + AsA)/2] (26)

where &q and & are the spin-orbit coupling coefficients of 3d"
and ligand ion in free states respectively. A denotes the
integral R (ns |%| np, ), where R = 0.195 nm is the impurity

ligand distance in the studied system. For the free V4" and O*
ions, we have &; = 248 cm™!, P = 136 X 10 cm™! for V#" and
&= 151 cm! for O* respectively. Here Ay, Ae, N, Ne, Sapt, and
Sqpe are taken from reference [32] and the spin-orbit coupling
coefficients (&, é), normalization factor (Ny) and orbital
mixing coefficients (A,, As) can be obtained as shown in
Table 4.

By using the perturbation procedure g factors for a 3d!
ion under octahedral tetragonal symmetry can be obtained
from the cluster approach

k' 2kE%2 2K'E2

g = YGe — Ey - E2 E? (27)
—g 2K _oprpre[ L _ L
91=9e— 25— 2[5 (28)

The energy denominators E; and E, stand for the energy
separation between the excited By, °E, and the ground ’B,
states. They can be expressed in terms of tetragonal field
parameters Ds, Dt, and cubic field parameter Dq optical
spectrum band positions are calculated. The theoretical and
experimental optical and EPR parameters gy, g, Ay, A1, BE,
B2, y* and P are calculated and also shown in Table 5 which
are well agreed.

Photoluminescence Study

The emission spectrum of VO?* doped STP nanopowder
in the region of 350-600 cm™! is shown in Fig. 12. The visible
part of the spectrum displays many bands, with the band at
411 nm in blue region and the band at 496 nm in green color

Table 4. Spin-orbit Coupling Coefficients (& and & in cm™)
and Orbital Reduction Factors (k and k) of VO?** Doped
SrSn(PO4)> Nanopowder

g k k N2
221.65 0.969 0.819 0.785

233.98
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zone. Observed bands could be the result of structural flaws
such as point defects or surface conurbations, among other
things. The blue band could be the result of radiation electron
recombination that occurred from a local flaw by holes in the
top of the valance band [31]. The McCamy equation is used
to calculate the CCT value.

Table 5. Optical Spectrum Band Positions (cm™) and EPR
Parameters of VO?* Doped SrSn(PO4); Nanopowder

Experimental =~ Theoretical

B,y ~°E, 12133 12133
B,y =By 14965 14965
B,y —?A1 19151 19151
el 1.9323 1.9203
g1 1.9712 1.9649
Ay (10%em™) 207 246
A, (10%cm™) 56 69

2 0.7703 0.9023

2 1.1098 1.3343
v 0.998 0.993
P (10*cm™) 165 134

900000

00000

700000 <

000000 -

Intensity (CPS)

500000 <

400000 -

v h L] h T M L] M
3150 400 450 500 350 600
Wavelength (nm),

Fig. 12. Photoluminescence spectrum of VO?" doped
SrSn(PO4), nanopowder.

CCT = -437n*+3601n? — 6861n + 5514.31 (29)
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The chromaticity epicenter in this instance is located at
(0.3320, 0.1858), and the CCT value is 11637 K, as shown in
Fig. 13. The created sample emits a mild blue color and it
may be interesting in display screens and other LED devices.

CONCLUSION

VO?* doped SrSn(POs), nanopowder was prepared
successfully through the solid-state reaction method. From
XRD studies, the prepared nanopowder was attributed to
monoclinic crystal system, and the average crystallite size
was 26 and 33 nm from Debye-Scherrer’s and W-H methods,
respectively. The SEM and HR-TEM images showed the
irregular stone-like particle morphology and the average
particle size was determined in order of nano size. From EDS
results the presence and amount of chemicals were obtained.
The SAED ring patterns indicate that the particles are
crystalline in nature. Each ring corresponds to the different
lattice planes obtained from the XRD analysis.

CIE y

[ [ 1

x = 0.231
¥ = 0.340
CCT = 1163721k

[+1]
iTe

FITE

0.2

430
0.0 458

ﬂ CIE x
0.0 0.2 0.4 0.6 0.8

Fig. 13. CIE chromatic diagram of VO?* doped SrSn(PO4),
nanopowder.

The bands observed in the FT-IR spectrum indicated the
existence of both symmetric and asymmetric stretching and
bending modes of phosphate groups. The partial covalent
nature of VO?"ions with their ligands was studied by optical
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and EPR studies, which further show tetragonal compression
for octahedral site symmetry. The emission spectrum showed
that cold white light of the prepared sample can be useful for
outdoor applications.
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