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ABSTRACT: YVO,:Ho>/Yb*" nanophosphors prepared by an effective %UL‘I&I‘{'C' u
polyol-mediated route show dual-mode behavior in photoluminescence. o8 2ased Lealing
Upon 980 nm excitation, the upconversion red emission spectrum 0 nm ﬁ = are
exhibits a bright red peak at ~650 nm, characteristic of the electronic -
transition of the Ho* ion via involvement of two-photon absorption,

which has been confirmed by the power-dependent luminescence study. ‘%, %%%

Moreover, at 300 nm excitation, downconversion emission peaks are

observed at 550, 650, and ~75S nm. The nonradiative resonant energy A \

transfer occurs from the V—O charge transfer band to Ho’" ions, (; PSR | Under AC field

resulting in an improved emission of Ho®" ions. Moreover, polyethylene o Frequency=280 kkHz
g g : g T Field =310 Oe

glycol-coated nanoparticles make it suitable for water dispersibility; and =~ &2 Yvo:Ho»/yp? : .

these particles are conjugated with Fe;O, nanoparticles to form /- :::’g' MNPs  Anticounterfeiting

magnetic—luminescent hybrid nanoparticles. Highly water-dispersible

magnetic—luminescent hybrid material attained the hyperthermia

temperature (~42 °C) under an applied AC magnetic field. The specific absorption rate value is found to be high (138 W/g),

which is more than that of pure superparamagnetic Fe;O, nanoparticles. At 300 nm excitation, the high quantum yield value of

~27% is obtained from YVO,:Ho?"/Yb*", which suggests that it is a good phosphor material. By employing the neutron activation

analysis technique, it is shown that nanophosphor particles can absorb Au®* up to the ppm level. Interestingly, such nanophosphor

also shows the potentiality for anticounterfeiting applications.

1. INTRODUCTION as well as self-quenching among them, and consequently, their
emission intensity is very weak.”'® One of the RE ions having

Rare-earth (RE)-doped nanocrystals have shown promisin
(RE)-dop i P § green (550 nm) and red (650 nm) emission is Ho*", and this ion

applications as compared to pre-existing traditional organic dyes

and quantum dots owing to their less toxicity, high penetration has absorption peaks at 425 and 455 nm, which fall in the broad
depth in biological tissues, longer lifetime of emitting levels, less emission band of V—O CT. Thus, resonance energy transfer
autofluorescence, and high photostability.'~* Recently, RE- (ET) occurs from VO,*” ions to Ho ions through a
doped metal halide perovskites, Y,Si,O, and SryAl;O;3 nano- nonradiative process, and thereby strong emission from Ho®"
crystals, have been reported.s_7 However, RE-doped YVO, has ions occurs at 550 and 650 nm."' ™" Thus, RE ions such as Ho®*
many advantages as compared to others such as RE-doped metal and Eu’* ions have been doped into YVO, to enhance
halide perovskites, Y,Si,O; and SryAl4O,q, because the YVO, luminescence intensity.m_16 Au nanoparticles conjugated with
host can become a self-sensitizer in luminescence and also has a upconversion (UC) nanoparticles NaYF,:Er**/Yb>* exhibit a
low phonon frequency (~800 cm™'), which reduces the strong fluorescence ET or Forster ET mechanism. Here, the

nonradiative decay pathways and promotes the radiative
transition pathways significantly.®

In addition, YVO, nanocrystals have been used as a host for
downconversion (DC) luminescent material.® This is due to the ]
presence of the allowed transition such as the charge transfer Received:  March 24, 2021
(CT) process of O*~ to V°*, which absorbs light from 220 nm to AccePted: June 30, 2021
330 nm with maximum absorption at 300 nm. Upon UV light Published: July 19, 2021
excitation, it exhibits bluish green emission (350—520 nm) with
maximum absorption at 420 nm. On the other hand, RE ions
show very weak absorption due to the forbidden transition of f—f

absorption band of Au (surface plasmon resonance absorption
peak at 542 nm) overlaps with the emission band of Er®*
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Figure 1. Schematic diagram representing the various applications of YVO,:Ho**/Yb* and its hybrid with Fe;O,.

(emission peak at 540 nm)."” Thus, such UC nanoparticles find
many applications."®'® In this way, the required heat for
hyperthermia treatment of cancer can be generated through the
photothermal process. The emission peaks of the Er** ion are
almost the same as those of the Ho®" ion. The intensity ratio of
peaks at 550 and 650 nm will be important in biological
applications. The variation of the intensity ratio at various
excitation wavelengths at 300 nm (V—O CT in DC process),
455 nm (Ho®" in DC process), and 980 nm (UC process) was
not much addressed in the literature.

On the other hand, Fe;O, superparamagnetic nanoparticles
(SUPs) have been used in many applications due to their high
biocompatibility in the area of hyperthermia-based cancer
treatment, magnetic resonance imaging contrast agents, carrier
for drugs, removal of toxic ions, gene therapy, and so forth.2°™2¢
In order to trace such SUPs in a living body, it needs to tag with
either radioisotopes or luminescence molecules or particles. Our
group reported that the Fe;O, SUP showed high absorption
capacity toward the RE ions having a radioactivity of a short
lifetime (2—64 h) such as *°Y, '3Sm, **Ho, '°Er, and "Lu,
which emitted f-rays.”' fB-rays are useful for the treatment of
arthritis as well as tracking. A combination of magnetic as well as
luminescence nanoparticles (known as hybrid) will provide
many potential applications, in which individual magnetic or
luminescence particles have limitations. Such a combination was
started in 2013 by our group.”*

The Commission International de I’Eclairage (CIE) 1931
chromaticity program was used to see the color obtained from
DC spectra. However, unacceptable CIE coordinates (close to x
= 0.33 and y = 0.33, white color) were observed for various
samples (irrespective of samples) from the UC emission upon
excitation at 980 nm. The reason for this was not addressed so
far in the literature.”’

In this work, we have prepared YVO,:Ho**/Yb*" nano-
phosphor via an effective polyol-mediated route. Its luminescent
behavior has been studied by various excitations at 980 nm (due
to Yb*" absorption), 300 nm (indirect V—O charge transfer
band, CTB), and 455 nm (due to Ho®" absorption). Its DC, ET
efficiency, and UC processes are discussed. The sensing
behavior of such particles in Au’* ions has been studied using
the neutron activation analysis (NAA) technique. The
synthesized nanophosphor material is studied for its anti-
counterfeiting applications. The prepared nanohybrid (Fe;0,@

YVO,:Ho**/Yb*") exhibits the bifunctional properties (ie.,
luminescence as well as magnetic) for hyperthermia and
bioimaging applications because the luminescence peak arises
at 650 nm, which lies in the first biological imaging window
(600—900 nm) under 980 nm excitation. The quantum yield
study of samples is carried out. Also, the source of errors in the
calculation of CIE coordinates of samples from the UC emission
spectrum is explained. The zeta potential values of YVO,:Ho>*/
Yb** are evaluated for potential bioimaging purposes. Figure 1
shows the schematic diagram of dual-mode behavior, that is, DC
and UC nanophosphor, anticounterfeit, hyperthermia, and Au®*
ion adsorption studies.

2. RESULTS AND DISCUSSION

2.1. XRD Study. Figure S1 shows the XRD pattern of
nanophosphor YVO,: 1 at. % Ho>" and 10 at. % Yb** (annealed
at 900 °C and referred to as YVO,:Ho>"/Yb**). The XRD
patterns reveal that the diffraction patterns are well matched
with standard JCPDF no. 76-1649 (pure YVO,) of the
tetragonal structure. Here, Yb** (r = 0.985 A) and Ho* (r =
1.015 A) ions got substituted at Y** (r = 1.019 A) sites of the
YVO, lattice because they have similar ionic radii on the basis of
coordination number eight, where Y** ion is surrounded by eight
0% ions.”®

The nanophosphor exhibits a tetragonal structure with high
crystallinity having space group I4,/amd. The lattice parameters
for the nanophosphors are calculated using UnitCellWin
software. The estimated lattice parameters are a = 7.082 A, ¢ =
6.219 A, and unit cell volume V = 312.01 A3, which are
comparable with those of pure YVO, (JCPDF file no. 76-1649)
a=7123 A, ¢ = 6292 A, and V = 319.23 A®. The average
crystallite size is calculated to be ~60 nm.

As shown in Figure S1, the XRD pattern of Fe;0, exhibits the
face-centered cubic structure. The lattice parameter is calculated
tobe a = 8.342 A and V = 580.52 A>. The crystallite size is found
to be ~10 nm. The XRD patterns of both Fe;O,@PEG and
Fe,;0,@YVO,:Ho* /Yb*> hybrid are also shown in Figure S1. A
slight line broadening in the peak is observed in both cases as
compared to pure Fe;O, or YVO,:Ho*/Yb*". This suggests that
the polyethylene glycol (PEG) coating over the particles affects
the crystallite size. In the YVO, crystal structure/unit cell, the
V** ion in the [VO,]*” groups are coordinated tetrahedrally with
O’ ions, and the Y*" ion is surrounded by eight O~ ions to
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Figure 2. (a) Emission spectra of YVO,:Ho* /Yb** (1 at. % Ho) excited at 980 nm continuous wave (CW) at various powers (P), (b) In(I) of 550 nm
(G) and 650 nm (R) emission vs In(P), and (c) R/G ratio vs power (R is the red region 650 nm and G is the green region 550 nm). The spot/area of the

laser falling on the sample is 27* (here r = 1 mm).

form a YOg dodecahedron. There are two sets of four equal Y—O
bond lengths: short and long with point symmetry D,y of Y**,
without inversion. The YVO, tetrahedral crystal structure has a
space group of I4,/amd. The Y** ions are substituted by Ho®"
and Yb*, resulting in emissions (discussed later) that are
characteristic of D,4 point syrnmetry.16

2.2. Thermogravimetric Analysis and Differential
Thermal Analysis Studies. Figure S2 shows the thermogravi-
metric analysis (TGA) and differential thermal analysis (DTA)
curves of the as-prepared sample of YVO,:Ho**/Yb*" nano-
phosphor (without annealing at 900 °C). From the TGA curve,
there are three stages of mass loss. The first loss of mass (17%)
occurs from room temperature to 200 °C corresponding to the

removal of adsorbed water on the surface of the particles. The
second mass loss occurs over the temperature range from 200 to
550 °C, related to the decomposition of ethylene glycol (EG),
which corresponds to approximately 6% of the mass loss. The
third mass loss in the temperature range from 550 to 750 °C is
due to the removal of carbon that remained in the sample with a
mass loss of about 2%. In the DTA curve, these three stages are
observed. The first stage is supported by an endothermic peak at
150 °C. The second stage is supported by an exothermic peak at
330 °C. The third stage is supported by an endothermic peak at
700 °C. In this way, pure YVO,:Ho>"/Yb*" particles without
carbon, H,0, or organic molecule (EG) are obtained above 700
°C.

https://doi.org/10.1021/acsomega.1c01572
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Figure 3. (a) Excitation spectrum of YVO,:Ho*"/Yb** (1 at. % Ho) at A, = 550 nm showing the V—O CTB and the Ho** peak at 455 nm and (b) its
emission spectra at A, = 300 and 455 nm showing the peaks due to V—O and Ho**.

2.3. FTIR Study. Figure S3 shows the FTIR spectra of PEG 16.5, 1.6, 0.2, and 66.6, respectively. The experimental atomic
and as-prepared samples of Fe;0,, Fe;O,@PEG, YVO,:Ho*"/ percentages of Y, V, Yb, Ho, and O are 16, 12, 2, 0, and 70,
Yb*, and Fe;0,@YVO,:Ho*/Yb*". The strong vibrational respectively.
bands are observed at ~3430 and ~1630 cm™ that, respectively, For the preparation of TEM imaging for the synthesized
correspond to the stretching and bending vibrations of water samples, the particles are dispersed in ethanol and sonicated for
(H,0), which is present on the surface of the nanoparticles.*" 10 min. One drop of the dispersed part is added over the carbon-
The pure PEG shows two bands at ~1076 cm™ (v-trans) and coated Cu grid. The TEM image of YVO,:Ho"/Yb**

~1110 cm™' (v-gauche), which represents the C—O-C nanoparticles annealed at 900 °C is shown in Figure SS5. A
stretching vibrations along with CH, stretching vibrations mixture of spherical and cuboid shaped particles is observed.
(~2870, ~2940 cm™").*"* The V-0 vibrational band in VO >~ The average particle size of the spherical particles is found to be
is observed at 800 cm™".*'* The band at ~599 cm™" corresponds 90 nm.

to Fe—O of Fe,0,, and the two bands at ~1092 and ~1390 cm™ 2.5. Photoluminescence Study. 2.5.1. UC Study.
correspond to S—O, which arises from FeSO,-7H, 0 used during Upconversion is a nonlinear anti-Stokes shift optical phenom-
the synthesis of Fe;0,.”” The vibrational bands involved in the enon in which the low energy input photon is converted into the
prepared samples of Fe;O,, Fe;0,@PEG, YVO,:Ho*/Yb*, high energy output photon via successive multiphoton
and Fe;0,@YVO,:Ho*" /Yb>" are listed in Table S1. absorptions.”” We have optimized YVO,:0.01Ho>*/0.1Yb>*

2.4. SEM, EDX, and TEM Studies. Figure S4 shows the nanophosphor from different Ho®* percentages (Ho®* = 1, 3,
SEM image of YVO,:Ho*"/Yb*" nanophosphor annealed at 900 S, and 7 at. %) doped YVO,. The optimized nanophosphor is

°C. It shows the irregular shapes of nanoparticles (a large further examined for UC and DC luminescence studies. Upon
number of spherical shapes along with a small number of 980 nm excitation, the UC emission spectra of YVO,:Ho*"/Yb**
rectangular and cuboid shapes). The average size obtained from (1 at. % Ho* and 10 at. % Yb**) at different laser powers are
spherical particles is ~80 nm. Their elemental compositional shown in Figure 2a. The UC spectra exhibit emission bands at
images of Y, V, Yb, Ho, and O are shown in Figure S4. Their ~550 nm (green = G), ~650 nm (red = R), and ~755 nm, and
EDX spectrum is also shown for the elemental compositional these bands arise, respectively, due to °F,, °S, — Iy, ’F; — I,
analysis (Figure S4), and their elemental compositions are and 5F,, 5S, — °I, electronic transitions of the Ho®* jon.">"°
provided in Table S2. However, the peak corresponding to Ho Here, Yb*" ions are acting as sensitizers that has a higher
could not be detected due to the presence of a very small absorption cross section as compared to Ho®" at 980 nm
concentration, which is under the limit of detection. The excitation. The absorption cross section of Yb*" is 11.7 X 107!
theoretical atomic percentages of Y, V, Yb, Ho, and O are 14.8, cm? at 980 nm excitation.'”*' ™ The number of photons
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involved in the UC is calculated and plotted as shown in Figure
2b. The upconverted emission intensity varies with the laser
input power as I o« P”, where I represents the upconverted
intensity, P is the laser input power, and n is the number of
photons involved in the upconverted emission bands. The In(I)
versus In(P) shows slopes of n = 2.3 and 2.2 for G and R,
respectively. This suggests that the two-photon process leads to
UC emission for both G and R lights. From the spectra (Figure
2¢), it is evident that the R/G ratio increases with the laser input
power. The focal spot area of the laser beam impinging at the
center is governed by 277> (here r = 1 mm).

2.5.2. DC Study. Downconversion is the process of release of
radiative light (E,,,) of lower energy after absorption of light
(Eeo), that is, E,,, < E,,. This is referred to as the Stokes shift.
Upon UV excitation at 300 nm, the DC emission spectrum of
YVO,:Ho**/Yb** (1 at. % Ho) is shown in Figure 3. The green
(~550 nm), red (~650 nm), and NIR (~755 nm) emission
bands associated with °F,, S, — Iy, ’F; — °I, and °F,, °S, — °I,
electronic transitions of the Ho®" ion, respectively, are
observed.''® The emission spectra are monitored at different
excitation wavelengths at 260, 290, 300, and 455 nm. Each
excitation shows the emission peaks due to Ho*. Upon direct
excitation of Ho** at 455 nm (°I; — 3G), the emission intensity
of Ho®" is weaker than that of indirect excitation at 300 nm. This
is due to the low absorption cross section of f—f transitions of
Ho®". In the case of excitation at 300 nm, the broad emission
band (420—500 nm) associated with VO,>~ in addition to peaks
of Ho®" is observed.® Due to the allowed transition of the V—O
CTB, there is a high absorption cross section at 300 nm. The
radiative rate of Ho®" increases as a large number of excited
photons of V—O get de-excited, and the excited energy is
transferred from V—O to Ho**. There is an overlapping between
the emission band of the V—O CTB and absorption peaks of
Ho®. This is known as the resonance ET from VO,* to Ho**.*

The excitation spectrum of YVO,:Ho®'/Yb* is shown in
Figure 3a after monitoring at a 550 nm emission. A broad peak
from 250 to 350 nm with the maximum at 300 nm is observed.
This is related to the allowed transition of V—O CTB.® The
sharp peaks with small intensities due to Ho>" at 360, 425, and
455 nm are observed.">'°

In order to see the concentration-dependent luminescence,
different amounts of Ho®" are doped into the YVO, host at a
fixed concentration of Yb** (10 at. %). Upon excitation at 300
and 455 nm, YVO ;:xHo " :yYb** (xat. % =1,3,5,and 7,y at. % =
10) shows emission peaks of Ho®". The luminescence intensity
decreases with the increase of the Ho®* ion beyond 1 at. %
(Figure 4). It occurs mainly due to the concentration quenching
effect.”*°

2.5.3. ET Mechanism. The schematic diagram representing
the UC and DC processes involved in YVO,:Ho>*/Yb* is
shown in Figure S. The ground state absorption (GSA) of the
Yb** ions can occur at 980 nm CW laser (*F,, — °Fs),)
excitation. The GSA process is very weak for Ho*>" (*Iy — °I¢)
because 980 nm is not matching with the energy gap between
the ground state and the excited state. Thus, the incident
photons are mostly absorbed by the Yb*" ions and they transfer
the energy to nearby Ho®" ions through the ET process known
as two- or three-photon absorption, and the various lower lying
levels are populated by the nonradiative relaxations from the
upper lying levels of Ho**. The emission peaks at green (~550
nm), red (~650 nm), and NIR (~755 nm) of Ho" are observed,
and these observations were analyzed in the case of the UC
process. In the case of the DC process, there is a high absorption
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Figure 4. (a) Emission spectra showing the ET from V—O to Ho* in
different percentages of Ho>" in Y;_,_,VO,xYb*/yHo™ (x = 0.1,y =
0.01, 0.03, 0.05, and 0.07) at A, = 300 nm and (b) their emission
spectra at Ao, = 455 nm.

band through the V—0O CT at 300 nm and a large number of
photons are populated at a higher energy level as excited
electrons, and then, depopulation of the excited electrons starts
as emitted light in 420—500 nm, which is matching with the
absorption band of Ho** at 455 nm. Because of the ET from the
excited level of the V—O CTB to the excited state of Ho*", an
enhanced emission intensity of Ho** is observed. Upon
excitation at 455 nm (direct excitation of Ho"), the emission
intensity of Ho>" is less than that excited at 300 nm by fivefold. It
is confirmed that there is an ET from the V—O CTB to Ho**.*'°

The ET from VO,*~ to Ho** and the quenching mechanism of
prepared nanophosphor YVO,:xHo**:yYb** (x=1,3, 5,7, at. %
and y = 10 at. %) annealed at 900 °C are examined. The ET may
occur by the exchange interaction and electric multipolar
interaction. The critical distance (R.) between VO,*~ and Ho**
ions that depends on both the exchange interaction and
multipole—multipole interaction is given by Blasse’s equation™”

R . =2|; 3V
4nX N (1)

where V is the volume of the crystallographic unit cell and N is
the number of cationic sites that can be occupied by the activator
ions per unit cell.

Upon excitation at 300 nm, there occurs an ET from VO,*~ to
the Ho>" ion. Further, as the concentration of the xHo>" ion (x =
1,3,5,7,and 10 at. %) increases at fixed yYb** (y = 10 at. %), the
luminescence intensity decreases above >1 at. % of Ho*. This is
due to the concentration quenching effect. Otherwise, the
luminescence intensity of Ho®" might increase due to the extent
of the ET from VO,*~ to Ho*" (Figure 6). For 1 at. % Ho*, X_ =
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YVO,:Ho**/Yb* nanophosphor.

0.01 (from Ho*) + 1.0 (VO,’") by taking Y(; o)V, 0Os.
Here, V = 312.00 A% and n = 4 (from Y*" sites) + 4 (from V°*

sites) = 8. In the pure tetragonal structure of YVO,, there are
four formula units. After consideration of the abovementioned
values, R, is found to be 4.2 A.

In the case of excitation at 455 nm, there is an ET among Ho®*
ions. Thus, above 1 at. % Ho>", the intensity of Ho®" decreases
with the increase of Ho**". For 1 at. % Ho’*, X, = 0.01 (from
Ho*") by taking Y (; ¢_,)V1 004 Here, V=312.00 A’ and n = 4
(from Y3* sites). After consideration of the abovementioned
values, R, is found to be 24.6 A.

2.5.4. Decay Study. The photoluminescence decay of the *F
level (550 nm emission) of the Ho®" ion in YVO,:0.01% Ho>*/
0.1% Yb** under the excitation of 455 nm is shown in Figure 7a.
It is fitted with the monoexponential decay equation”

—t
I=1, exp(7] 2)

where I is the intensity at time , I is the initial intensity at time ¢
= 0, and 7 is the lifetime of the emitting level. The lifetime of
YV0,:0.01% Ho*/0.1% Yb** nanophosphor is found to be ~16

us.
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Figure 7. PL decay profiles of the °F; level: (a) emission monitored at 550 nm for DC and (b) emission monitored at 650 nm for UC of YVO,:Ho**/
Yb**. The excitation wavelengths for DC and UC are fixed at 455 nm and 980 nm, respectively.
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The photoluminescence decay of the °Fs level (650 nm
emission) of the Ho* ion in YVO,:0.01% Ho>*/0.1% Yb**under
the excitation of 980 nm is shown in Figure 7b. 7 is found to be
~66 ps. Similar values of the lifetime were reported for Ho®"
(°F5)-doped nanophosphor in the literature.'

2.5.5. Quantum Yield Study. The quantum yield (1) of
YVO,:xHo®", yYb*" (x = 1 at. % and y = 10 at. %) is calculated
based on the absolute method using an integrating sphere of
diameter 15 c¢m coated with BaSO, after standardization
(rhodamine B in water: 7 = 31%). In the present work, we
assume that the light falling on BaSO, particles is perfectly
(100%) scattered, and the scattered light is collected by a
detector. A sample holder is kept at the center of the integrating
sphere, which has two windows: one is for the entrance of the
excitation light and another is for the outlet of the scattered light
or emitted light, which are captured by the detector.’” The
bandwidths of the excitation and emission wavelengths and iris
(%) were fixed during the experiment. It was assumed that
solvent did not absorb the excitation light. A very small quantity
of the sample was dispersed in solvent. The absorbance value of
the sample should be less than 0.1 so that it does not show self-
absorption inside the integrating sphere. Upon excitation, the
sample containing nanoparticles will absorb and the remaining
photons will be scattered from solvent. The number of scattered

19477

photons will be less for the sample dispersed in solvent than that
from solvent only.

The luminescence quantum yield (#) is defined by the ratio of
the number of emitted photons (ephe) to the absorbed photons
(@pha) as follows

Ephe _ / Iemission
apha Isolvent - Isample (3)

emission 18 the luminescence emission spectrum of the
sample dispersed in solvent, I ., is the spectrum of the light
used to excite only the solvent (methanol), and Iy, is the
spectrum of the light used for exciting the sample in solvent.
Therefore, the difference between the areas of I yjyene and Iimple
will give us the number of photons absorbed by the sample.

In the present work, S mg of the sample (1 at. % Ho®" and 10
at. % Yb**-doped YVO,) is dispersed in 10 mL of methanol
(solvent). A quartz cuvette is used as the sample holder, and the
excitation wavelength was chosen at 300 nm. I yjyene and Lgmple
are recorded from 200 to 700 nm. Ioigsion is obtained from I ppe.
The absorption spectrum of YVO,:Ho*/Yb* is shown in
Figure 8a. Typical spectra of the sample and solvent are shown in
Figure 8b. A quantum yield of 27% is obtained after excitation at
300 nm. The value of the quantum yield is dependent on the

where I
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wavelength of excitation because the number of photons
absorbed is dependent on the wavelength of excitation in the
case of YVO,:Ho*"/Yb*" nanophosphor. This is confirmed by
various excitations at 300, 325, 425, 455, and 480 nm. The
highest quantum yield is obtained at 300 nm. A 5% error may
occur during calculation because the emission peak is not sharp.

2.6. Calorimetric Performance Study. The CIE 1931
chromaticity of the YVO,:xHo*":yYb*" (x= 1 at. % and y = 10 at.
%) nanophosphor upon excitation at 300 nm has been
calculated from the luminescence spectra, and the CIE
chromaticity coordinates are x = 0.26 and y = 0.49 (Figure 9).
The correlated color temperatures (CCT) are calculated using
McCamy’s third-order polynomial equation””

CCT = 449n° + 3525n> + 6823.3n + 5520.33 4)

where n = (x — x.)/(y. — y) is an inverse slope line, in which (x
and y) represent the color coordinates of the obtained
YVO,:Ho**/Yb** nanophosphor and the epicenter is at x, =
0.332 and y, = 0.185. The CCT value is found to be 8620.

Itis to be noted that the CIE coordinates upon 980 nm are not
provided here because the intensity of the peak around 650 nm
is higher than that of the base value obtained at 400 nm by 1.3
times. In another way of expression, the peak intensity around
650 nm is very weak. This means that it loses a high amount of
energy upon excitation at 980 nm as well as high background or
thermal energy associated with CW laser excitation at 980 nm,
which gives higher lattice/phonon energy. While intensity values
from 400 to 700 nm wavelengths are added in the CIE
chromaticity program, it gives only x = 0.34 and y = 0.33, which
is almost white. This is unacceptable because we can see an
orange color upon excitation at 980 nm. In view of this, is there a
need to change/modify the CIE coordinate program for 980 nm
excitation or the UC luminescence study? There are a few
reports on the calculation of CIE coordinates using different
programs.”®

2.7. Applications. 2.7.1. Magnetic-Based Hyperthermia
Study. Initially, 1—S mg of Fe;0,@YVO,:Ho**/Yb* hybrid
having magnetic—luminescence property (the weight ratio of
Fe;0, to YVO,:Ho**/Yb** = 1:4) was dispersed in 1 mL of
deionized water in a 1.5 mL microcentrifuge tube and allowed
for ultrasonication for 15 min, and this was placed at the center
of the induction coil without touching the walls of the coil, and
the temperature sensor is dipped in the microcentrifuge tube
and here, a radiofrequency of 280 kHz and 310 Oe magnetic
field are applied for heat generation. We had evaluated the
heating ability of different hybrid magnetic nanoparticles
(MNPs) with respect to their concentrations and magnetic
fields/currents. The resultant magnetic field generated at the
center of the 6 cm copper coil due to the applied current was
calculated by using the following formula

1.257ni
(09 (s)

where H is the magnetic field,  is the number of turns in the coil,
i is the applied current, and [ is the diameter of the turn in cm.
The magnetic field produced from the induction coil is directly
dependent on the amount of current passing to the coil. For
killing cancer cells, the temperature required to attain the hybrid
MNP is ~42 °C.

As shown in Figure 10, the graph of heat generation (T) with
time (t) is plotted by taking 1—S mg/mL hybrid MNPs
dispersed in 1 mL of deionized water at a magnetic field of 310
Oe for 10 min, and it is noticed that the hybrids of 1—3 mg/mL

H=
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Figure 10. Rise in temperature with time from sample Fe;O,@
YVO,:Ho*/Yb** hybrid nanoparticles of 1—5 mg/mL.

have not attained the hyperthermia temperature (~42 °C) and 4
mg/mL of the hybrid nanoparticles has achieved the ~42 °C
temperature at 10 min, but, interestingly, when the 5 mg/mL
hybrid is examined, it has attained the hyperthermia temperature
in just 7 min.
The specific absorption rate (SAR) is calculated for Fe;0,@
YVO,:Ho*>"/Yb>* hybrid by using the following equation”’
SAR = c(A_T) !
At

where C is the sample-specific heat capacity, AT/ At is the initial
slope of the time-dependent temperature curve, and 1, is the
amount of magnetite per total amount of magnetite or Fe and
water. The typical SAR value for S mg/mL hybrid is calculated to
be 138 W/g (g is expressed in terms of weight of Fe;0,). These
values are higher than those of reported ones in Fe;O, (10—50
W/g) and LaSrMnO; (20—90 W/g) based MNP sys-
tems.”> 2224074 However, high values of the SAR in
Lig3Zng;CoqFe, 30, particles (200—350 W/g) were also
reported.* The high efficacy of SAR values exhibits the utility
of hybrid in cancer therapy application.

2.7.2. Hybrid for Potential Imaging. The prepared Fe;O0,@
YVO,:Ho*"/Yb*" hybrid is highly dispersible in water (Figure
11). This can show magnetic behavior upon bringing a

Figure 11. Digital photographs of (a) Fe;0,@YVO,:Ho*" /Yb** hybrid
nanoparticles dispersed in water and (b) same after external magnetic

field applied on it.
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permanent magnet over a cuvette containing 5 mg of the sample
in 3.5 mL of water. Interestingly, this hybrid has chemical
bonding among particles due to PEG coating over particles. In
the presence of the magnet, it attracts hybrid without leaving
YVO,:Ho**/Yb**, which is nonmagnetic. This can be visualized
by the appearance of transparency in water after bringing the
magnet over the cuvette. Pure Fe;O, dispersed in water appears
black in color. Pure YVO,:Ho?"/Yb®" appears white in color. In
the case of hybrid, it appears brownish in color.

Upon UV excitation at 300 nm, the magnetic—luminescent
hybrid nanophosphor shows the V=0 band at 400—500 nm,
and also, Ho®* peaks are observed at 550, 650, and ~755 nm
(Figure 12). However, we have calculated the integrated peak
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Figure 12. DC emission spectrum of Fe;0,@YVO,:Ho®"/Yb* hybrid
monitored at 4., = 300 nm showing the V—O CTB at 400—500 nm and
Ho®" peaks at 550, 650, and 755 nm.

area, and it is observed that hybrid has two times less intensity as
compared to that of pure YVO,:Ho**/Yb** nanophosphor. This
is due to the association of magnetic Fe;O, nanoparticles in
hybrid.

2.7.3. YVOHo>'/Yb** for Anticounterfeiting Applications.
Furthermore, the prepared nanophosphor material exhibits its
potentiality for anticounterfeiting applications. There are
reports on the use of nanoparticles for anticounterfeiting
applications.*® Most of the reported anticounterfeiting
applications are based on UV light excitation.***” However,
reports on NIR light excitation based anticounterfeiting
applications are very less due to small-sized spots of the laser
(1-2 mm in diameter) that it cannot cover larger areas (a few
cm in any dimensions), which can be done easily by UV
1ight.48’49 In this work, we overcome this problem using a proper
collimator as well as a suitable filter. For its implication, a
demonstration has been carried out by dispersing the
YVO,:Ho**/Yb*" nanophosphor into methanol and dispersed
particles are used to write letters or numerals over a sheet of
paper (shown in Figure 13). We are able to write A, B, C, D...
letters as well as 1, 2, 3... numerals and are able to see them under
980 nm excitation. Therefore, it is evident that the prepared
nanomaterial will be a potential asset for anticounterfeiting
applications.

2.7.4. Sorption Studies of Au** lons on YVO,Ho*'/Yb*
Nanophosphor by Using the Instrumental NAA Technique.
10, 50, and 100 ppm of Au’* solutions are prepared. S0 mg of the
sample YVO,:1 at. % Ho>*/10 at. % Yb’" is added to every Au®"
solution. It is kept for 24 h. The supernatant liquid is separated
from the sample by centrifugation. The adsorption studies of the
supernatant liquid are carried out at the Dhruva research reactor,

Figure 13. Security ink: (a) YVO,:Ho*/Yb** nanophosphors are
dispersed into methanol and dispersed particles are used to write letters
or numerals over a sheet of paper. (b) Photographs of A, B, C, D...
letters as well as 1, 2, 3... numerals written. Without 980 nm NIR light
excitation, these could not be seen. Under 980 nm excitation, these are
seen. As we use the bandwidth filter (450—700 nm) before the camera,
we are able to see the actual color because other lights (4 < 400 nm or
>700 NIR-IR range) are eliminated by the use of the bandwidth filter.
Also, to see larger spots, proper collimators are used.

BARC, Mumbai.*® The control (10, 50, and 100 ppm solution of
Au’' ions) and supernatant liquid are examined by instrumental
NAA using short irradiations at the pneumatic carrier facility of
the Dhruva research reactor (for 1 min at 5 X 10'* n/cm?/s flux),
and the uptake of Au’" ions is analyzed using its activation
product '®Au (multi-y ray-like 411 keV). The decay of y rays
from Au*" is counted by using a high purity germanium detector.
Figure 14 shows that the amounts of absorption of Au®" at 10,
50, and 100 ppm are 17, 21, and 25%, respectively, per S0 mg of
the sample and 0.34, 0.42, and 0.50%, respectively, per 1 mg of
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Figure 14. Counts obtained from the NAA experiment. A means
control (100, 50, and 10 ppm of Au**). Solution was prepared in water
medium. B means the supernatant liquid after absorption of Au®** ions
by 50 mg of sample YVO,:Ho*/Yb*".
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the sample. There were reports on the use of hybrid
nanoparticles with Au for improvement in X-ray contrast agents
due to their nontoxicity and very high absorption cross
section.”’

2.7.5. Zeta Potential Study. To extract the information about
the net surface charge associated with nanoparticles, the zeta
potential experiment is carried out. These values can be used to
determine the particle tendency to aggregate in aqueous solution
and to provide the physicochemical properties of nanoparticles
required for in vitro and in vivo research experiments. The zeta
potential ({) of the particles dispersed in deionized water is
recorded. The ¢ values of YVO,:Ho®*/Yb>* are found to be +0.3,
—5.0, and —=7.0 mV at pH = 5, 7, and 8, respectively. These
values are suitable for bioimaging applications.

3. EXPERIMENTAL SECTION

3.1. Materials and Methods. The chemicals used were
yttrium(III) acetate [(CH;CO,);Y-«H,0, 99.99%, Sigma-
Aldrich], holmium(III) acetate [(CH,CO,);Ho-xH,0,
99.99%, Sigma-Aldrich], ytterbium(III) acetate
[(CH;CO,),;Yb-xH,0, 99.99%, Sigma-Aldrich], ammonium
metavanadate (NH,VO;, 99.99%, Sigma-Aldrich), EG
(HOCH,CH,OH), PEG (6000), sodium hydroxide (NaOH),
and dilute HCI acid for the synthesis of Y;¢9Hog,Ybg,0VO,
(YVO,:Ho* /Yb**) nanoparticles.

3.2. Synthesis of YVO,:Ho**/Yb?* Nanoparticles. Figure
S6 represents the synthesis procedure of 1 at. % of Ho®" and 10
at. % of Yb®* doped YVO, luminescent nanoparticles
(YVO,:Ho*, Yb*") prepared by the polyol-mediated synthesis.
In the typical synthesis, 603.7 mg of (CH;CO,);Y-«H,0, 8.7 mg
of (CH;CO,);Ho-xH,0, and 89.24 mg of (CH;CO,),Yb-xH,0
were taken and dissolved in 5 mL of concentrated HCl acid and
heated until they got dissolved. A clear and transparent solution
of metal ions was obtained. In order to remove excess HCI, the
solution was further evaporated by alternate additions of 10 mL
of deionized water, followed by heating (~80 °C). The
evaporation process was repeated at least five times. Moreover,
298.2 mg of NH,VO; was dissolved in 10 mL of deionized water.
In order to make a clear solution, 2.64 g of NaOH was dissolved
in 10 mL of deionized water. It was added dropwise to NH, VO,
solution, and it finally became transparent. The evaporated
solution of metal ions was transferred into a 100 mL round
bottom flask, and 20 mL of EG was added and refluxed for 10
min at 70 °C and then NH,VO; solution was added dropwise. A
pale yellow color was observed while adding NH,VO; solution
in the round bottom flask; finally, the color changed from pale
yellow to white after heating at 120 °C for 2 h. A white
precipitate was obtained and allowed to cool at room
temperature. It was centrifuged at 5000 rpm for 5 min and
washed with 10 mL of acetone twice and dried under an IR lamp
to collect the dry powder. The prepared sample was heated at
900 °C for 4 h.

Similarly, various Ho®* concentrations (3, 5, and 7 at. %) and
fixed amounts of Yb®" (10 at. %) doped YVO, nanoparticles
have been prepared. The as-prepared samples were further
annealed at 900 °C for 4 h.

3.3. Synthesis of Magnetic—Luminescent Hybrid
Nanoparticles for Hyperthermia. 3.3.1. Preparation of
PEG-Coated Fe;0, MNPs. The preparation of Fe;O, nano-
particles by the coprecipitation method was carried out using the
following steps:

Step (A): 1.0 g of FeSO,-7H,0 and 0.972 g of FeCl;-6H,0 in
1:2 molar ratios were taken. FeSO,7H,0 was dissolved

dropwise in 50 mL of deionized water under continuous stirring
in a beaker with a glass rod until there appears clear pale yellow
color solution. A solution of FeCl;-6H,O was prepared in
another beaker. Under continuous stirring of ferrous sulfate, the
solution of ferric chloride was added to it. To this solution, 30
mL of 12 M NH,OH solution was added dropwise under
constant stirring. A black color precipitate was formed and kept
for 1 h. To collect the Fe;O, MNPs, a strong magnet of 2.5 kOe
was placed at the bottom of the beaker for 24 h so that they settle
down, and the supernatant liquid was removed by using a
micropipette. The collected Fe;O, nanoparticles were washed
with deionized water to remove excess NH;, and also, finally, it
was washed twice with acetone to remove excess water present
in Fe;0, nanoparticles. This is shown in the schematic diagram
in Figure S7. Here, the reaction can be represented as follows

Fe’* + 2Fe’* + 8OH™ — Fe,0, + 4H,0

Step (B): 25 mg of Fe;0, MNPs (Fe;O0,-MNPs) prepared in
step (A) were transferred into another beaker which contained 1
g of PEG which was already dissolved in 10 mL of deionized
water. It was allowed for ultrasonication for 1 h. In this way, the
surface of the Fe;O,-MNPs was coated with PEG, and the
prepared sample was highly dispersible in water. Furthermore,
the as-prepared sample was centrifuged, washed with 10 mL of
acetone twice, and dried under an IR lamp for collecting the dry
sample.

4.3.2. Preparation of PEG-Coated YVO, Luminescent
Nanoparticles. Step (C): 100 mg of the 900 °C heated sample
of YVO,: 1 at. % Ho, 10 at. % Yb was added to a beaker
containing 5 g of PEG in 10 mL of deionized water. It was
ultrasonicated for 1 h and then centrifuged and washed with 10
mL of acetone twice. It was dried under an IR lamp. The
schematic diagram is shown in Figure S8.

4.4. Preparation of Fe;0,@YVO,Ho3*'/Yb** Hybrid
Magnetic—Luminescent Nanoparticles. The abovemen-
tioned powder samples from PEG-coated Fe;O, (step B) and
YVO,: 1 at. % Ho, 10 at. % Yb (step C) were mixed in a weight
ratio of 1:4 in a beaker. 5 g of PEG dissolved in 10 mL of
deionized water was added to the beaker and ultrasonicated for 1
h. The powder was collected after centrifugation, washed with
acetone, and kept under an IR lamp for 1 h. This powder is
considered as Fe;0,@YVO,:Ho>*/Yb* hybrid. The schematic
diagram for the formation of the hybrid is shown in Figure S9.

4.5. Characterization Techniques. The XRD patterns of
as-prepared and 900 °C heated samples were recorded using a
PAN analytical powder X-ray diffractometer with a Ni filter
having Cu K, (1.5405 A) radiation at 40 kV and 30 mA. The
interplanar distance (d;) of the plane (hkl) in a lattice was
calculated using the Bragg’s relation: 2dyy sin @ = nl, where, 1
represents the X-ray wavelength of Cu K, and 0 represents the
Bragg’s angle. The average crystallite size (D) was estimated by
using the Debye—Scherrer relation: D = 0.94/(f3 cos 6), where 8
represents the full width at half maximum of the hkl plane.

Thermal analysis of the as-prepared sample (YVO,: 1 at. %
Ho, 10 at. % Yb) was carried out using TG—DTA and EGA
Setaram (Setsys evolution) in an argon atmosphere in the range
30-900 °C.

The vibrational structure of the synthesized samples was
studied by using FTIR spectroscopy (Bomem MB 102
spectrophotometer) with a 1 cm™" resolution.

The surface morphology of Ho®'- and Yb**-doped YVO,
particles was investigated using a scanning electron microscope,
and EDX analysis was carried out using a field emission scanning
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electron microscope coupled with EDX (Quanta FEG 450, FEI,
Netherland). The particle morphology was examined using a
transmission electron microscope instrument (2000 FX, JEOL,
Japan).

The excitation and emission spectra of all the samples were
recorded using EDINBURGH Instrument FLS920 equipped
with a 450 W xenon arc lamp having Peltier element cooled red
sensitive Hamamatsu R95S PMT and a microsecond lamp (100
W) for the luminescence decay study.

For the UC study, a 980 nm laser diode (maximum power = 5
W) of CW has been used, and the luminescence decay was
recorded using the pulse mode facility available in this setup.
The detector was the same as in EDINBURGH Instrument
FLS§920.

The heating experiment of the hybrid nanoparticles under an
AC magnetic field was performed in a 1.5 mL microcentrifuge
tube, which was placed at the center of a copper coil having a
diameter of 6 cm (Faraday Power System unit, Bangalore,
India).

4. CONCLUSIONS

In summary, YVO,:0.01Ho®"/0.1Yb** nanophosphor is synthe-
sized by a polyol-mediated synthesis route. The as-prepared
sample is further annealed to 900 °C to improve its crystallinity
and to remove organic moieties and the water molecules present
in the sample. The XRD study has confirmed the tetragonal
phase with space group I4,/amd. YVO,:0.01Ho>"/0.1Yb*"
exhibits strong upconverted green and red color bands at
~550 nm (°F,, °S, — 3I), ~650 nm (°F — °Iy), and ~755 nm
(°F,, 3S, — °I,) of Ho®>" under 980 nm excitation. At 300 nm
excitation, a broad emission peak at 400—500 nm along with
Ho" characteristic peaks are observed. The broad emission
band is arising mainly due to ligand to metal CT (V—O CTB).
The green and red bands are observed due to two-photon
absorption, which is confirmed by the power-dependent UC
study. The critical distance (Rc) values for excitations at 300 and
455 nm are found to be 4.2 and 24.6 A, respectively. The critical
distance (R_) between VO,>~ and Ho®" ions depend on both the
exchange interaction and multipole—multipole interaction. The
synthesized nanophosphor material exhibits its potentiality in
gold detection/adsorption. Furthermore, the hybrid nanoma-
terial reveals its bifunctional behavior (luminescence as well as
magnetic—luminescence). This hybrid material has attained the
hyperthermia temperature of ~42 °C under the applied AC
magnetic field. The synthesized nanophosphor is manifesting its
promising potentiality in luminescence properties, anticounter-
feiting and hyperthermia applications.
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