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Abstract

VO?* ions-doped CaZn,(PO,), nanophosphor was prepared through solid-state reaction technique. The synthesized
phosphor was subjected to various spectroscopic characterizations such as powder X-ray diffraction (P-XRD), Fourier-
transform infrared spectroscopy (FT-IR), optical absorption and electron paramagnetic resonance (EPR). XRD pattern
confirmed that the structure of the sample belongs to triclinic system. The average grain size was found to be 82.23 nm.
FT-IR spectrum exhibited characteristic vibrational modes of phosphate (PO,*") ion along with other bands. Optical
absorption spectrum displayed three peaks at 436, 690 and 827 nm, suggesting C,, symmetry with crystal field and
tetragonal field parameters Dq = 1449, Ds=—2990 and Dt=624 cm™'. The g and A values from EPR spectrum are deter-
mined as g =1.9433,91=1.9891,A|=171.2and AL=73.4x 1 0~*cm™". Correlation of optical and EPR data revealed that
VO?** ions have tetragonally distorted octahedral symmetry and have covalent bonding nature with ligands.
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1 Introduction

Phosphate-based nanomaterials have drawn attention of
many research groups over the past two decades. These
materials find applications in surface coatings, catalytic
activity, flame retardant filler and photo-catalytic degrada-
tion. Zinc phosphate occupies a prominent place among
the other phosphates. It is a white inorganic non-toxic pig-
ment widely used in electrical fields, medicine and coat-
ing industry [1, 2]. The particle size influences greatly the
anti-corrosion property due to roughness of the surface.
As zinc phosphate is weakly soluble in aqueous solution
and has less hydrolysis, its activity is low. To improve its
chemical activity, cations such as Ca** have been added
to it to obtain calcium zinc phosphate (CZP) [3].
Transition or rare-earth metal ions-doped phosphate-
based inorganic compounds are especially categorized

for illumination applications [4-7]. A great curiosity in
transition metal (TM) complexes has revolutionized the
development of display devices. The optical properties,
transition probabilities and electronic structure are influ-
enced by doping TM ions in phosphate materials. Vana-
dium occupies a prominent position among the TM ions,
which acts as a colouring agent, showing different colours
from blue to pink and self-activated luminescence centre
[8]. Vanadium exhibits variable states such as V?*, V3*, v+
and V>*.V** is the most stable among them which appear
as VO?*. In basic and applied research, vanadyl ions have
an outstanding recognition due to their multi-disciplinary
nature in the fields of luminescence, sensors and lasers [9].
The vanadyl ions doped in different host materials show
the PL emission in visible region [10, 11]. Due to long
wavelength excitation and emission properties, vanadyl as
a dopant plays an essential role in phosphate applications.
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As an Liintercalation host, vanadyl ion plays an important
role as a cathode in lithium-ion battery devices [12, 13].
Vanadium-doped systems are found to exhibit efficient
catalytic properties [14, 15].

CZP is used as a corrosion-resistant pigment in coat-
ing industry [16, 17]. On the surface of pure iron, CZP was
coated to improve its biocompatibility in the bio-medi-
cal field [18]. CZP is prepared by various routes such as
chemical reaction method [18], ultrasound-assisted in situ
emulsion polymerization [17] and super-sonication [19].
Of these methods, solid-state reaction method is the most
suitable one due to its low cost, eco-friendliness and easy
synthesis. This article puts emphasis on structural and
optical properties of VO** ions-doped calcium zinc phos-
phate nanophosphor via solid-state reaction technique.
Information about the structural aspects such as structure
and vibrational bands was studied by powder XRD and
FT-IR techniques. The properties such as coordination site
symmetry and the nature of bonding of VO?* ions with its
ligands are obtained by correlating optical and EPR data.

2 Experimental
2.1 Chemicals and synthesis procedure

Calcium carbonate (CaCO,), zinc oxide (ZnO) and Di-
Ammonium hydrogen orthophosphate [(NH,),HPO,] were
procured from Sigma-Aldrich Corp. CuO was purchased
from Merck chemicals (Mumbai, India). All the chemicals
are of first grade and used without any refinement. In
order to prepare the sample, 1.0009 g of CaCO;, 1.6274 g
of ZnO and 2.6412 g of [(NH,),HPO,] were weighed as per
stoichiometric proportions and ground for 30 min with
the aid of agate mortar and pestle. The grinding process
is repeated for another 1 h by adding V,0; (0.0181 g) to
the above-said mixture. The final mixture was collected
in a crucible which was heated and annealed at 500 °C
in air for 2 h using muffle furnace to expel NH;, CO, and
other impurities followed by grinding for half an hour.The
annealing process is repeated at 1000 °C for 2 h antici-
pated by grinding for 30 min to obtain a fine powder of
vanadyl ions-doped CaZn,(PO,),.

2.2 Characterization techniques

The XRD pattern of VO** ions-doped CaZn,(PO,), nan-
ophosphor was recorded using Shimadzu XRD 6100
diffractometer with CuKa radiation (1.5406 A). FT-IR
spectrum was obtained from Shimadzu IR Affinity 1s
FT-IR spectrophotometer in the range 400-4000 cm™.
The nanophosphor was mixed with liquid paraffin and
pasted on quartz window for UV-VIS spectrum which
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is obtained from the spectrophotometer JASCO V670 in
200-900 nm wavelength regions. Electron paramagnetic
resonance (EPR) spectrum was recorded on the JES-FA
series EPR spectrometer (X-band) with the field modula-
tions of 100 kHz at room temperature.

3 Results and discussion
3.1 Powder X-ray diffraction studies

Figure 1 shows XRD profile of VO ions-doped
CaZn,(PO,), nanophosphor. The X-ray diffraction meas-
urements were carried out to explore structural prop-
erties and crystallinity of the prepared samples. The
observed reflection peaks of the present powder agree
well with the standard JCPDS file (84-1578). The XRD
data are indexed to triclinic crystal system of space
group p-1(2). The diffraction peaks of the powder sam-
ple shifted slightly towards lower values of 26. This is
due to the fact that the ionic radius of vanadyl ion is
greater than that of calcium ion. From the pattern, it is
transparent that the crystalline nature is confirmed by
sharp and intense peaks. Applying the familiar Scherrer’s
formula D=k A/ cosB, the average grain size (D) was
calculated. Here, k is the shape factor which equals 0.9,
\ is X-ray wavelength (1.5406 A), 8 is glancing angle for
high intense peak, and B is Full width at half maximum
(FWHM) of the corresponding lattice planes. Based on
FWHM, the average value of grain size is measured as
82.23 nm which indicates that the prepared powder con-
tains nanocrystallites. The micro-strain (€) and the dislo-
cation density (8) were obtained from the equations e=f3
cosB6/4and §=1/D?as 0.421x 1073 and 0.1478 x 10'°/m?,
respectively.
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Fig. 1 XRD pattern of VO** ions-doped CaZn,(PO,), nanophosphor
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Fig.2 FTIR spectrum of VO?* ions-doped CaZn,(PO,), nanophos-
phor

3.2 FT-IR study

Figure 2 illustrates IR spectrum corresponding to VO**
ions-doped CaZn,(PO,), nanophosphor. The spectrum
displays characteristic symmetric, asymmetric bend-
ing and symmetric, asymmetric stretching vibrations of
phosphate group, hydroxyl group, bending mode of water
and stretching mode of C=0. In free state, phosphate ion
has tetrahedral (T,) symmetry and possesses four fun-
damental vibrational frequencies [20]. Of these, v, is the
non-degenerate state, v, is the doubly degenerate, v; and
v, are the triply degenerate states and infrared active. In
the prepared sample, the vibrational band monitored
at 443 cm™' is related to the symmetric bending (v,) of
PO,*>" group [21]. The IR band at 592 cm™' is ascribed to
asymmetric bending (v,) [22, 23]. Symmetric stretching
vibration (v,) of phosphate ion occurs at 973 cm™ [23]. The
frequency at 1070 cm™' belongs to asymmetric stretching
(v3) of PO,>~ ion [22, 24]. The mode appeared at 1390 cm™
corresponds to C=0 stretching [25]. Water has three char-
acteristic modes of vibration. They are (1) symmetric O-H
stretch (2), H-O-H bending mode and (3) asymmetric O-H
stretch [26]. The band located near 1645 cm™' is imputed
to bending mode of H,O molecule. The absorption band
centred at 3346 cm™' represents the O-H ion vibrations
[27]. All the vibrational bands are displayed in Table 1.

3.3 UV-visible studies
In octahedral crystal field t,4 orbital is occupied by the

single unpaired d electron of VO** ions which gives rise
to the ground state 2T29. Upon excitation, the electron

Table 1 The band head data and assignments in FT-IR spectrum of
VO?* jons-doped CaZn,(PO,), nanophosphor

Vibrational frequencies ~ Band assignment

(ecm™)

443 Symmetric bending mode of PO,3" (v,)
592 Asymmetric bending mode of PO,>" (v,)
973 Symmetric stretching of PO, (v,)

1070 Asymmetric stretching of PO43’ (v3)
1390 C=0 stretching

1645 Bending mode of H-O-H

3346 Vibrational mode of O-H ions

moves to upper orbital e, and forms 2Eg term. Only one
band is expected in an ideal octahedral symmetry when
the electron makes a transition from *T,; — ’E . Gener-
ally, VO?* ions do not exhibit pure octahedral site sym-
metry; however, a lowered tetragonal symmetry (C,,) can
be observed due to the Jahn-Teller effect. The d elec-
tron in tetragonal symmetry environment is in a non-
bonding d,, orbital having ground state *B,. °T, splits
into the terms B, and ’E. Then, the state °E, splits as
2B, and 2A, states. There are three transitions expected
from the ground state (°B,) to the excited states (*E, 2B,
2A,), and hence, three bands are observed. The order of
these energy levels is as follows: 2B, < °E < ?B, < A, [28].
The optical absorption spectrum of VO?* ions-doped CZP
is depicted in Fig. 3. In the spectrum, three absorption
bands at 827 nm (12,091 cm™"), 690 nm (14,492 cm™")
and 436 nm (22,935 cm™") are identified for VO?* ions-
doped sample. Ballhausen and Gray gave the energy
level ordering of vanadyl complexes in terms of molecu-
lar orbitals [29]. The observed bands are related to the
characteristic d-d transitions in accordance with molec-
ular orbital theory and are assigned to [30]

2BZg - 2Eg (dxy - dxz,yz)
’Byy = “Big(dyy — dx* —y?)
"Bag = *Arg(dhy = o)

The crystal field parameter Dq and tetragonal field
parameters Ds and Dt are evaluated from the relations:

’Byy = °Eq = —3Ds + 5Dt
’B,y = °B;g = 10Dq

?B,y = Aq = 10Dq — 4Ds — 5Dt

After solving the above equations, the values are
obtained as Dq = 1449, Ds=-2990 and Dt=624 cm™".
These values parameters are in good agreement with the
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Fig.3 Optical absorption 0.4
spectrum of VO?* ions-doped
CaZn,(PO,), nanophosphor
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Table 2 Optical absorption data of VO** ions-doped CaZn,(PO,), g |
nanophosphor
s 1
Transitions Wave-  Wave- Dg(cm™) Ds(cm™) Dt(cm™) &1
from B,y  length  number
- (nm) (em™)
’E, 827 12,088 1449 -2990 624
2B, 690 14,488
*Arg 436 22,929
reported vanadyl complexes [31, 32]. The values indicate
that the distortion produced in the octahedral site sym-
metry is tetragonal compression for vanadyl ions in the
host lattice. The corresponding transitions together with
wavenumbers, crystal field and tetragonal field param-
eters are shown in Table 2.
1 I
3.4 EPRstudies 300 400
Magnetic field (mT)

EPR is a highly powerful technique which offers informa-
tion regarding the coordination site symmetry and the
type of bonding between the ligands and the paramag-
netic ions. Figure 4 represents the EPR spectrum of VO**
ions-doped calcium zinc phosphate nanophosphor at
room temperature, and it is indexed with clear parallel and
perpendicular components of g value. It is well known that
the coordination environment for vanadyl ions is almost
tetragonally distorted octahedral [33].

The measured values for spin-Hamiltonian parameters
are g|=1.9433, g1=1.9891; and A| =171.2x10"% cm™,
AL=73.4x10"*cm™', respectively. A tetragonally distorted
octahedral site would lead to g <gr<g, and A|>AL. The
tetragonality of vanadyl state can be measured with 4/
A1=(g.—9|)/(ge—9g1). The ratio above unity will give the
tetragonally distorted nature of VO?* ions [34, 35]. In the
present case, the evaluated spin-Hamiltonian and hyper-
fine coupling constant parameters satisfy the above condi-
tions. Hence, from these observations, the paramagnetic
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Fig.4 EPR spectrum of VO?* ions-doped CaZn,(PO,), nanophos-
phor

vanadium ions (V") exist as vanadyl ions (VO?*) in the pre-
pared nanophosphor which occupies tetragonally distorted
octahedral sites (C,,) [36].

The molecular bonding coefficients 2, 33, v Fermi con-
tact term k and dipolar coupling constant P can be deter-
mined by correlating optical and EPR data through the fol-
lowing equations [37-39].

9; = 9e[1 — (42875/A, )]

91 =Ge[1 - (4M°p3/A )]
A= P[—x—@/TP2+9, -9 +3(9, — ) /7]
A= Pl—x+ Q/7B2+11(g, — g.)/14]
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where g, is the g value of a free electron (2.0023), A is the
spin—orbit coupling constant of free ion value for VO** ion
which is 170 cm™. A is the energy difference between
ground and excited states, i.e. 2Bzg—>2Eg, while AL is the
energy separation for ?B,; — °E,. B7 and y* represent the
degree of 6 and 1 bonding with equatorial ligands. B3 is
the measure of covalency ratio for V=0 bonds. Fermi con-
tact term () and dipolar coupling constant (P) parameters
estimate the degree of distortion. P is evaluated by taking
negative values for A| and AL neglecting second-order
effects [39] given by

P=7(A—AL)/6+ (31/24)).

The isotropic and anisotropic (g and A) parameters are
determined by

Giso = (29J_ + 9||)/3
AiSO = (ZAJ_ +A”)/3.

Using the above equations with the expressions for A
and AL, Fermi contact term (k) is evaluated as

K== (AiSO/P) - (ge - giso)

From P and k values, A|| and Ay, B% are calculated. Fur-
ther, with the help of these values g| and g, B} and y?
are obtained. The values of P, k are 113.60, 0.90 and Bf,
B3, y? are 0.66, 0.94 and 0.49, respectively. The value of 33
is less than one, which is an indication of the degree of
admixture of the ligand orbitals and enhancement in cova-
lency. In the present work, B3 shows ionic bonding and
with poor mm bonding of the ligands. k < 3 implies that the
in-plane m bonding ability of the ligands is weak. k value
is less than unity reveals the mixing of 4s orbital into d,
orbital, owing to a lower symmetry of the ligand field [40].
The bonding nature is said to be completely ionic if 2 =1,
otherwise it will be exclusively covalent if 32=0.5. The
parameters (1— B%) and (1 —yz) are used to determine the
percentage of covalency. The effect of o bonding between
equatorial ligands and vanadium atom is given by (1—{3),
while (1-y?) expresses the effect of m bonding between
the vanadyl oxygen and vanadium ion. B3 is more than 2
and yz, which clearly indicates more covalent nature of in-
plane o bonding and out-of-plane m bonding compared
to the in-plane m bonding. The parameters calculated from
EPR spectrum are shown in Table 3.

4 Conclusion

CaZn,(PO,), nanophosphor was doped with VO?* ions
which has been prepared using solid-state reaction.
It is observed from XRD studies that the synthesized
phosphor is assigned to the triclinic crystal system. The

Table 3 Principal g,

Parameters units ~ Values
hyperfine (A) and molecular deter-
orbital coefficients for VOZ* mined
ions-doped CaZn,(PO,),
nanophosphor 9| 1.9433

gL 1.9891

Apx107*cm™ 171.21

Aix10™*cm™ 73.49

B2 0.6662

B3 0.9402

2 0.4997

(1-p3 0.3338

(% 0.5003

K 0.9051

Pcm™ 113.60

A"/AJ_ 1.1956

average particle size is 82.23 nm, and the micro-strain
(¢) and the dislocation density (8) are also calculated.
The present host material is a well-crystallized material
because of its high intense and sharp peaks. FT-IR spec-
trum displayed fundamental vibration modes of phos-
phate (PO,*") ion together with other bands. Using opti-
cal absorption data, the ratio Aj/AL greater than unity
demonstrates that VO?* ions enter tetragonally com-
pressed octahedral sites in the lattice. Molecular orbital
coefficients (B2, y?) evaluated with the help of EPR and
optical data supported the covalent nature of VO** ions
with its ligands.
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