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ARTICLE INFO ABSTRACT

Keywords: We reported a facile strategy to synthesis of Er** doped Bi,Zr,0, nanophosphors via hydrothermal route using

Nanophosphor Aloe Vera gel as a bio - surfactant. The photoluminescence spectra exhibit intense peaks centered at ~524, 547

Photoluminescence and 660 nm, which were attributed to 2Hy; /5 — *Iys/2, *S3/2 — *I15,2 and *Fo,5 — *I;5,, transitions of Er>* ions,

le:)(S’it::lr:;tric properties respectively. The highest photoluminescence intensity was achieved in 5 mol % of Er** ions. The electric dipole-
y

quadrupole (d-q) interaction was responsible for the concentration quenching. The fluorescence intensity ratio
technique was utilized for optical thermometric properties of the nanophosphors in the temperature range of
303-463 K. At lower temperature (282K) the relative sensor sensitivity of the optimized nanophosphor was
found to be ~0.0621 K~ '. Thermoluminescence glow curves of 5mol % Er** ions doped nanophosphor irra-
diated with y-rays showed two peaks at ~120 and 203 °C. A thermoluminescence glow peak at ~120 °C showed
good linearity with dose, simple glow curve structure, minimal fading and good reproducibility. The above
results clearly showed that the optimized nanophosphor is quite useful in WLED's, TL dosimetry and optical

Optical thermometry

thermometry applications.

1. Introduction

In recent years, nanomaterials (NMs) create numerous interest for
the research community due to its widespread applications in many
fields, namely medicine, energy, electronics, biotechnology, etc. [1-3].
Till now, various chemical and physical routes were followed for the
synthesis of nanomaterials. For these routes, it requires sophisticated
equipments, high temperature and vacuum environment. The most of
the available chemical synthesis routes suffer elevated biological risks
owing to use of toxic chemical reagents [4,5]. Therefore, preparation of
NMs by utilizing various biogenic sources, namely plants, algae and
microorganisms creates a new avenue in the current materials research
[6]. Among, the phytosynthesis routes, the plant based extracts (root,
leaf, stem etc.) exhibit numerous advantages such as eco-friendly, cost
effective and bulk preparation [7,8]. From the literature, many plant
extracts were used to synthesis nanomaterials. Among, the plant, Aloe
Vera (A.V.) belongs to the Liliaceae family, which comprises major
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potential constituents, namely vitamins (including B1, B2, B3, B6, B12),
minerals (such as calcium, magnesium, phosphorus, potassium, man-
ganese, chromium, sodium, copper, zinc, iron and nitrogen), salicylic
acids, enzymes, polysaccharides, sugars, amino acids, flavones, alka-
loids, etc. [9]. Further, it has highly useful in medical applications, such
as antifungal, anticancer activity, wound healing, hypoglycemic, etc.
[10]. The use of A.V. extract as a bio-surfactant which benefit for the
synthesis of various hierarchical structures which in turn enhance the
luminescence properties as compared to conventional synthesis routes
[11].

Nowadays, various inorganic metal oxides have created much at-
tention owing to their excellent chemical and physical properties in
widespread fields, namely anti-oxidant, solid state lighting, sensors,
anticancer activity, and cell imaging [12-15]. Among, zirconates
having the general formula A,Zr,0; creates much interest for scientific
community due to its potential applications in various fields, namely
photoelectrochemical  catalyst, nuclear  material, = magneto
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Table 1
List of different synthesis routes employed for the preparation of Bi,Zr,O, material by various workers.
SI. No Sample Synthesis route Reference
1 BiyZr,0, Co-precipitation Yijia Luo et al. [17]
2 BiyZr,0, Co-precipitation Yijia Luo et al. [18]
3 BiyZr,0; Soft-template sol-gel Xiaowei Liu et al. [19]
4 Ag/Agl modified Bi,Zr,0, Precipitation & photo-reduction process Tingting He et al. [20]
5 Ag/Agcl/BiyZr,0, Precipitation & photo-reduction process Tingting He [21]
6 BiyZr,0; Sedimentation —calcination method Deyong Wu et al. [22]
7 BiyZr,0, Solution combustion Vaishali M. Sharma et al. [23]

hydrodynamic power generation, etc. Normally, A,Zr,0, exhibit two
isometric structures at ambient conditions based on an ionic radius
ratio of r(A3")/r(Zr* ™). Among, the pyrochlore structure with the Fd-
3m space group was highly stable with the radius ratio in the range of
1.46 < r(A®*)/r(Zr**) = 1.78. In typical pyrochlore structure, A and
Zr cations are eight-coordinated and six-coordinated occupying with
16d and 16c sites, respectively, and the O has two crystallographically
distinct oxygen sites (48f, 8b). However, the defect fluorite structure
with Fm-3m space group display radius ratio greater than 1.46. The
defect fluorite structural system has disordered cations and anions re-
side in 4a and 8c positions respectively, in which one eighth of the
anion sites vacant as compared with the ideal fluorite structure (AX,).
The transition of phases from pyrochlore structure to the defect fluorite
structure is an order-disorder transition, which involves the disordering
of the anions among the 48f, 8b sites and the vacant 8a site, as well as
the disordering of the cations at 16c and 16d sites [16]. Table 1 shows
the synthesis of BiyZr,O, by various workers in different routes
[17-23].

In the present work, novel BiyZr,0,:Er** (1-11 mol %) nanopho-
sphors (NPs) were synthesized by hydrothermal route using A.V. gel as
a bio-surfactant. The morphological analysis was studied with respect
to various hydrothermal conditions. The luminescence studies of the
prepared samples were systematically studied and analyzed for its
suitability in WLED's, radiation dosimetry and optical thermometry
applications.

2. Experimental
2.1. Synthesis

The precursors used in the study are Zirconyl chloride octahydrate
[ZrOCl,-8H50; 98%, Sigma Aldrich], Bismuth (III) nitrate pentahydrate
[Bi(NO3)3.5H50; 98%, Sigma Aldrich], Erbium (III) nitrate pentahy-
drate [Er(NO3)3.5H50; 99.9%, Sigma Aldrich], Nitric acid [HNO3; 70%,
Sigma Aldrich] and A.V. gel used as a bio-surfactant. The A.V. gel was
extracted as per literature reported elsewhere [24]. The proper stoi-
chiometric amount of Zirconyl chloride, Bismuth (III) nitrate and Er-
bium (III) nitrate were well in deionised water using a magnetic stirrer.
The pH of the resulting solution was adjusted to 2, 5, 7 and 9 with the
addition of concentrated HNO; in a dropwise at the rate of 2 ml/min.
Subsequently, different concentrations (5, 10, 15, 20, 25, 30 and 35 ml)
of the A.V. gel extract were homogeneously dissolved in 200 ml Milli-
pore water and added slowly to the resultant mixture. The final solution
was transferred to Teflon lined hydrothermal bomb (180 ml capacity).
The hydrothermal bomb was placed in a hot air oven maintained at a
temperature (180°C) for 12h. The resultant product was carefully
collected and washed several times using acetone and deionized water.
Finally, the obtained product was dried at 80 °C for 20 h and used for
further studies. Further, the experiment was repeated by varying dif-
ferent concentrations of Er>* (1-11 mol %), temperature (120, 140,
160, 180, 200 °C) and reaction time (12, 24, 36, 48, 60 and 72 h). For
all the above experimental conditions, the optimized A.V. gel con-
centration (35ml) was maintained. The schematic representation for
the preparation of Bi»Zr,0,:Er’™ (1-11mol %) NPs was shown in
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Fig. 1. Scheamtic illustration for hydrothermal syntehsis of BiyZr,O,:Er®*
(1-11 mol %) NPs.

Fig. 1.

2.2. Characterization

The powder X-ray diffraction (PXRD) studies of the prepared NPs
were examined in a Powder X-ray diffractometer (Shimadzu-7000). The
morphology of the sample was studied by utilizing a scanning electron
microscope (HITACHI-3000) and transmission electron microscope
(JEOL). Diffuse reflectance (DR) spectral studies was performed by
using the Lambda 35, UV/Vis spectrophotometer (PerkinElmer).
Photoluminescence (PL) studies of the prepared NPs were examined
using Horiba made spectrofluorimeter. Life time decay measurements
were recorded with pulsed 355 nm laser (Nd3®*: YAG) radiation as an
excitation source. Thermoluminescence (TL) studies were performed by
irradiating the samples with ®°Co vy-rays in the dose range 1-6 kGy. The
TL studies were examined using indigenous Nucleonix TL (Model
10091) reader.
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Fig. 2. (a) PXRD patterns, (b) magnified view of peak (222), (c) W-H plots, (d) DR spectra and (e) energy band gap plots of Bi,Zr,0,:Er>* (1-11 mol %) NPs.

Table 2

Estimated crystallite size, strain and energy gap (E) values of BiyZr,O7:Er**
(1-11 mol %) NPs.

Er®" conc. Crystallite size (nm) Strain (x E, value

(mol %) 1074 (eV)
[Scherrer's [W-H
approach] approach]

1 21 24 1.4 2.63

3 20 23 1.7 2.64

5 18 21 1.8 2.65

7 19 20 1.4 2.65

9 16 17 1.9 2.66

11 15 16 1.8 2.67

3. Results and discussion

Fig. 2 (a) depicts the PXRD profiles of BisZr,0,:Er® ™ (1-11 mol %)
NPs. The obtained PXRD peaks corresponds to the (222), (044), (404),
(226), (444), (008) and (517) planes, which were in good agreement
with the reported literature [22,23]. Absence of peak at ~15° showed
the defect-fluorite structure of the prepared samples with Fm3m-225
space group. No impurity peaks were noticed, indicating that dopant
Er®" ions were successfully incorporated into host Bi;Zr,O; site. A
small shift in the diffraction (222) plane towards the larger angle side
with increase of Er®™ ion concentration was noticed (Fig. 2 (b)), which
due to ionic radii mismatch. The acceptable percentage difference (D,)
between the ionic radii of Bi** (1.17 A) and dopant Er>* (1.004 A) ions

was estimated using the relation described elsewhere [25]. The calcu-
lated D, value was found to be ~14.18% (< 30 %), which indicate that
Er** ions successfully substituted into the Bi ions site. The average
crystallite size (D) of the prepared NPs was calculated by using both
Scherrer's and Williamson-Hall (W-H) method using following relations
[26];

092
~ BcosH (€8]
= 4¢ tan 6

Dcos 8 e tan 2)

where, A; wavelength of X-rays used, 0; Bragg's angle, f3; full-width at
half maximum and ¢; lattice strain. The W-H plots of BiyZr,O7:Er® ™
(1-11 mol %) NPs was shown in Fig. 2 (c). The estimated crystallite size
(D) of the prepared NPs was listed in Table 2. As evident from the table,
the estimated crystallite size decreases with increase of Er®* con-
centration. In addition, the crystallite size assessed from W- H plots
were found to be to somewhat higher than the values estimated using
Scherrer's formula. Such variation in the crystallite size was due to the
fact that the component of strain was assumed to be zero in the
Scherrer's formula.

Fig. 2 (d) depicts the DR spectra of BisZr,0,:Er> ™ (1-11 mol %) NPs
recorded in the range of 200-1100 nm. The spectra exhibit several
abSOrptiOn peaks at ~442 (4115/2 — 4F3/2), 451 (4115/2 i 4F5/2), 488
(*Lisj2 = *F7/2), 521 (*lLis/2 — *Hi1,2), 543 (*Lis/2 — *S3/2), 660 (*Lis,
2> 4F9/2), 797 (4115/2 - 419/2) and 977 (4115/2e 4111/2) [27] The Ku-
belka-Munk theory was utilized to estimate the energy band gaps (Eg)
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Fig. 3. SEM micrographs of Bi,Zr,0,:Er®* (5 mol %) NPs prepared with different A.V. gel concentrations, (a) 5 ml, (b) 10 ml, (c) 15 ml, (d) 20 ml, (e) 25 ml, (f) 30 ml,

(g) 35ml, (h) enlarged portion of Fig. 3 (g) and (i) natural marigold flower.

of the prepared NPs based on the relations described elsewhere [28].
The energy band gaps of BiyZr,07:Er** (1-11 mol %) NPs was depicted
in Fig. 2 (e). The Eg values were estimated and listed Table 2. It was
evident from the table that, the E; values increases with increase of
Er** ion concentration, which may due to the several structural order
and disorder with the diverse experimental conditions.

Fig. 3 Shows SEM images of BiyZr,0,:Dy>* (5mol %) NPs synthe-
sized with various concentrations of A.V. gel. It was evident from the
figure that, when A.V. gel concentration was ~5ml, individual sphe-
rical shaped particles were noticed (Fig. 3 (a)). Further, when the A.V.
gel concentration was increased to 10-20 ml, individual particles ad-
joining together to form hollow spherical hierarchical structures
(Fig. 3(b and c & d)). However, the concentration of A.V. gel increased
to 25-35ml, individual building blocks assembled together to form 3D
hierarchical hallow spherical structures (Fig. 3(e-g)). The enlarged
portion of SEM image of hallow spherical structure (Fig. 3 (h)), evident
that its entire surface enclosed with small micro-flowers which re-
sembles a natural marigold flower (Fig. 3 (i)).

SEM micrographs of the prepared BiyZr,O,:Dy>* (5mol %) NPs
prepared with various reaction temperatures and fixed A.V. gel con-
centration (35ml) was depicted in Fig. 4. When the hydrothermal
temperature was maintained at ~120°C, hallow spherical shape
structure with more uneven concavities were observed (Fig. 4 (a)).
Further, the reaction temperature was prolonged to 140 °C, a spherical
structure with small inclines were noticed (Fig. 4 (b)). When the reac-
tion temperature was elevated to 160 and 180 °C, 3D hallow spherical
structures with big inclines clearly observed (Fig. 4(c and d)). The same
hierarchical 3D spherical structure was retained with small micro-

flowers on the surface directed outwards was clearly noticed, when the
reaction temperature raised to 200 °C (Fig. 4 (e)).

Effect of hydrothermal reaction time (12, 24, 36, 48, 60 and 72h)
on morphology of the prepared Bi,Zr,0,:Dy>* (5mol %) NPs by fixed
A.V. gel concentration (35ml) and temperature (200 °C) was studied
(Fig. 5). When the reaction time duration was maintained to 12 h, large
number of small spherical structures with various sizes were clearly
observed (Fig. 5 (a)). Further, the reaction time duration was prolonged
to 24 and 36 h, the individual spherical structures undergo growth to
form self-assembled larger sized spherical structure was noticed
(Fig. 5(b and c)) With the increase of reaction time to 48 h, the spherical
structure undergo Ostwald ripening to form non-uniform hierarchical
bud-like structure (Fig. 5 (d)). Further, increase of reaction time in 60
and 72h, the uniform hierarchical bud-like structure were clearly no-
ticed (Fig. 5(e and f).

In addition to the above parameters, pH was another vital para-
meter which influences the morphology of the samples. The effect pH
(2, 5, 7 and 9) on the morphology prepared Bi,Zr,0,:Dy>* (5mol %)
NPs synthesized with optimized hydrothermal parameters (Fig. 6). At
the initial pH of 2, irregular shaped quasi growth spherical structure
was noticed (Fig. 6 (a)). When the pH level was increased to 5, in-
dividual spherical structures were clearly observed (Fig. 6 (b)). The pH
level was further increased to 7, a self-assembly of individual structures
was noticed (Fig. 6 (c)). Individual spherical structures acts as a
building blocks were assembled to form hallow 3D spherical hier-
archical structure was noticed, when the pH was set to 9 (Fig. 6 (d)).

TEM, HRTEM and SAED patterns of BiyZr,O,:Er®* (5mol %) NPs
prepared with fixed A.V. gel concentration (35ml) and temperature
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Fig. 4. SEM micrographs of BiyZr,0,:Er®>* (5mol %) NPs synthesized with different reaction temperatures (120, 140, 160, 180 and 200 C) and fixed A.V. gel

concentration (35 ml).

(200°C) was shown in Fig. 7. TEM images were clearly evidences
spherical structure of the prepared NPs (Fig. 7(a and b)). The obtained
results were in good agreement with corresponding SEM images. From
HRTEM image, the interplanar spacing (d) was estimated and found to
be ~0.29 and 0.31 nm for planes (222) and (044), respectively (Fig. 7
(c)). The diffraction rings with brighter spots in the SAED pattern
confirmed the crystalline nature of the NPs (Fig. 7 (d)).

3.1. Photoluminescence studies

Fig. 8 (a) depicts the PL excitation spectrum of BiyZr,07:Er®* (5 mol
%) NPs monitored at 547 nm emission wavelength. The spectrum ex-
hibits intense peaks at ~364, 380, 405, 450 and 488 nm, which were
attributed to “Iis2 = *Go/2, lis/a = *Gi1/2, s/ = *Hoyn, Tis/n—
4F5/2 and 4115/2 — 4F7/2 transitions of Er** ions, respectively [29]. PL

TM3000_0059 2018108125 18:30 N TM3000_0155

2018/08/31  13:46 N

emission spectra of BiyZr,O,: Er**t (1-11mol %) NPs excited
at ~ 380 nm was shown in Fig. 8 (b). The spectra exhibit characteristic
peaks at ~524, 547 and 660 nm, which were owing to 2Hyq /5 — “I;5,/2,
4S3/2 — 4115/2 and 4F9/2 — 4115/2 transitions of Er®* ions, respectively
[30]. Variation of PL intensity with various concentrations of Er>* ions
was depicted in Fig. 8 (c). As can be seen from the figure that, the PL
intensity gradually increases with increase of Er®™ concentration up to
5mol % and later diminishes. This decrease in PL intensity was mainly
due to well-known concentration quenching phenomena [31]. The
concentration quenching was mainly caused by the non-radiative en-
ergy transfer among Er** ions, which normally arises as a result of an
exchange interaction, radiation reabsorption, or a multipole-multipole
interaction. Hence, critical distance (R.) between the neighboring Erdt
ions were estimated in order to know the type of the interaction me-
chanism. According to Blasse's,

2018/08/25 18:44 N

10um  TM3000_0068

Fig. 5. SEM images of BiyZr,0,:Er®* (5 mol %) NPs synthesized with different reaction time (12, 24, 36, 48, 60 and 72 h) by fixed A.V. gel concentration (35 ml) and

temperature (200 °C).
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Fig. 7. (a, b) TEM images of BiyZr,0,:Er®* (5 mol%) NPs prepared with fixed A.V. gel concentration (35 ml) and temperature (200 °C), (¢) HRTEM and (d) SAED
patterns of BiyZr,0,:Er®* (5mol %) NPs. [Inset of Fig. 9 (c) shows the enlarged portions of HRTEM image].
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Fig. 8. (a) PL excitation spectrum of Bi,Zr,0,:Er®* (5 mol %) NPs, (b) Emission spectra of Bi,Zr,0,:Er®* (1-11 mol %) NPs excited at 380 nm wavelength, (c) Plot of
PL intensity versus Er®* concentration, (d) Logarithmic plot of (x) versus (I/x), (e) PL emission spectra of the Bi,Zr,0,:Er’** (5mol %) NPs synthesized by various
optimized hydrothermal conditions and (f) PL decay profiles of BiZr,O,:Er®* (1-11 mol %) NPs.

3)

3V Ly
4X.w Z

R~ 2[

where, V; unit cell volume, X, critical Er>" concentration and Z;
number of cations in the unit cell. In the present study, V, X. and Z were
found to be ~450.31, 0.05 and 1, respectively. The value of R. was
estimated and found to be ~19.98 A. The estimated R greater than 5 A,
indicates that the multipole-multipole interaction was dominant and

was mainly responsible for concentration quenching. Generally, there
are many types of multipolar interactions, namely dipole-dipole (d-d),
dipole-quadrupole (d-q), quadrupole—quadrupole (q—q) interactions,
and so on, which are involved in energy transfer. According to Dexter
and Schulman theory, the emission intensity (I) per activator ion was
given by [32];

I -1
~ = k[l + B0V @
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where k and f3; constants, X; dopant concentration and Q; corre-
sponding to exchange, d—-d, d—q and q-q interactions are 6, 8 and 10,
respectively. The plot of log (I/x) vs log(x) was shown in Fig. 8 (d). It
was evident that, the plot was linear and slope was estimated to be
—2.57. Therefore, the Q value was estimated and found to be ~7.71
(very close to theoretical value 8 for the electric d—q interaction), in-
dicating that the dipole-quadrupole interaction was mainly responsible
for concentration quenching. Further, the PL emission spectra of sam-
ples synthesized by various optimized hydrothermal conditions was
studied and depicted in Fig. 8 (e). The spectra showed highest and
lowest PL intensity was achieved for hydrothermally synthesized NPs
using 35ml A V. gel and pH 7, respectively.

The decay profiles of BisZr,0,:Er® ™ (1-11 mol %) NPs were shown
in Fig. 8 (f). The decay profiles were well-fitted with bi-exponential
relation [33];

I = A exp(—t/5) + Ay exp(—t/n) 5)

where I, I and 74, To; corresponding PL intensities and time intervals,
respectively. Further, the average lifetime (t,,5) was also determined
using relation;

I] le + Iszz
I]Tl + Isz (6)

Taverage =

The estimated average lifetime of Bi,Zr,0,:Er®* (1-11 mol %) NPs
were found to be in the range 1.85-1.95 ms.

The photometric characteristics of the prepared NPs were analyzed
based on Commission Internationale de I'Eclairage (CIE) 1931 chro-
maticity coordinates and correlated color temperature (CCT) [34,35].
The CIE coordinates of optimized NPs were well located in the pure
green region (0.368, 0.421) (Fig. 9 (a)). The CCT values were estimated
based on the McCamy [36] empirical formula. CCT diagram of
BiyZr,0,:Er® " (1-11 mol %) NPs was shown in Fig. 9 (b). The average
CCT value was found to be ~4611 K which was less than the 5000 K,
indicating that the present phosphor was quite useful for the fabrication
of warm light sources. The estimated CIE coordinates and CCT values
were given in Table 3. In addition, color purity of the BiyZr,0,:Er®*
(1-11 mol %) NPs were estimated using the equation [37];

2 2
V06 —xP 40— S % 100%
Joa = x> + 0y =) 04

color purity =

where (xg, ¥q); chromaticity coordinates of the dominant wavelength,
(xs, ¥s); coordinates of coordinates of the sample point and (x;, y;); white
illuminate (x; = 0.33, y; = 0.33). The color purity of BiyZr,O,:Er®*
(1-11 mol %) NPs were estimated and listed in Table 3.

3.2. Thermometric analysis

The temperature sensing ability of the Bi,Zr,0,:Er** (5 mol %) NPs
were investigated by recording the temperature-dependent PL emission
spectra with an excitation wavelength of ~380 nm, as shown in Fig. 10
(a). It was clearly evident that, the PL intensity of peaks at ~524 nm
increases, whereas ~547 nm decreases with increase of temperature
from 303 to 463 K without change in the emission bands. Therefore,
their FIR values can also be affected by the temperature. Fluorescence
intensity ratio (FIR) of two thermally coupled levels with respect to
different temperatures was estimated using the Boltzmann distribution
theory [38,39]:

FIR = II—H =A exp(—g)

s kT ®

where, I;; and Is; integrated PL emission intensities corresponding to
2Hy1 /5 — “I15,2 (510-530nm) and *S;/5 — *I15,» (540-560 nm) transi-
tions, A; constant, k; Boltzmann constant, AE; energy band gap between
the 2Hy1 » and *S; 5 levels [40]. The estimated FIR values as a function
of temperature was shown in Fig. 10 (b). By utilizing Eq. (8), the
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Fig. 9. (a) CIE and (b) CCT diagram of BiyZr,0,:Er®* (1-11 mol %) NPs.

Table 3
Photometric parameters of BiyZr,0,:Er®* (1-11 mol %) NPs.

Er®* conc. CIE co-ordinates CCT co-ordinates CCT (K) Color
(mol %) purity (%)
X Y u! V!
1 0.365 0.426 0.191 0.519 4630 89
3 0.366 0.424 0.199 0.519 4607 90
5 0.368 0.421 0.200 0.518 4556 92
7 0.365 0.425 0.198 0.519 4633 91
9 0.365 0.426 0.198 0.519 4623 88
11 0.365 0.425 0.198 0.519 4635 91

experimental data was well fitted and the values of A and AE/k were
found to be 48.6 and 1358.6, respectively. The above FIR expression
can be rewritten as the form of the monolog plot of the FIR as a function
of inverse temperature, as given below [41];

AE

In(FIR) = === + B ©)

where, B is a constant. Fig. 10 (c) depicts the plot of In(FIR) as function
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Fig. 10. (a) Temperature dependent PL spectra, (b) FIR values as a function of temperature, (c) Plot of In(FIR) versus 1/T and (d) Sensor sensitivity as a function of

temperature.

of inverse temperature. Evidently, the plot [In(FIR) vs 1/T] was linear
and slope and B value of the straight line was found to be —1273.9 and
4.2 respectively.

The temperature sensing behavior of the prepared Bi,Zr,O,:Er®*
(5 mol %) NPs was estimated by utilizing the following expression [42];

o)

The sensor sensitivity of Bi,Zr,0,:Er® " (5 mol %) NPs as a function
of temperature was obtained by fitting Eq. (10) and the corresponding
result was depicted in Fig. 10 (d). It was evident from the figure that
sensor sensitivity was mainly dependent on the temperature and its
maximum value was found to be ~0.0621 K~ ! when the temperature
was 303 K. The obtained sensor sensitivity of the Bi,Zr,0,:Er>* (5 mol
%) NPs were much higher as compared to previous literature [43-48],
as listed in Table 4. Aforementioned results confirm that the optimized
NPs was considered to be the most promising candidate for optical
thermometry applications.

AE
kT?

g dEFR) _

dT (10)

3.3. Thermoluminescence studies

Fig. 11 (a) shows the TL glow curves of Bi,Zr,0;: Er®* (1-11 mol %)
NPs recorded at a y-dose of 1 kGy. It was evident from the figure that,
all the TL curves exhibit similar TL glow curves with a slight variation
in glow peak temperature. In addition, variation of TL intensity of
BiyZr,0,: Er®* (1-11 mol %) NPs under exposure of y-ray dose of 1 kGy
was shown in the inset of Fig. 11 (a). It was evident that, the TL

Table 4
Sensor sensitivities and AE/k values of Er3 +- doped temperature sensing ma-
terials.

Materials AE/k Smax (K1) References
Sro.6oLag 31F231:Er®* 904.98 0.0101 Wang et al. [43]
NasGdoF3p:Er®* 998.60 0.0110 Li et al. [44]
NaYb,F,:Er®* 1226.40 0.0136 Hu et al. [45]
YNbO4:Er®* /Yb3+ 759.60 0.0085 Tian et al. [46]

BiFs: Er** /Yb3™* 1280.68 0.0151 Du et al. [47]
Gdy(MoO4)s: Er®* /Yb®+ 1168.00 0.0134 Lu et al. [48]
BiyZr,0,:Er** 1149.50 0.0621 Present work

intensity gradually increases with increase of Er** ion concentration up
to 5 mol % and later diminishes. This decrement in the TL intensity with
increasing of Er®* ion concentration was mainly due to concentration
quenching. The doping of Er®* ions into Bi,Zr,0- site results creation
of defect levels between the conduction and valence bands. After vy-
irradiation, the population of defects also increased due to source en-
ergy. As the Er** ions concentration increases, the number of defect
levels between the bands increases [49]. The number of defects exceeds
a certain limit, overlapping of defect centre takes place, which has no
contribution to the additional TL output and renowned as concentration
quenching.

Further, the TL curves of BiZr,0,: Er** (5mol %) NPs irradiated
with various y-ray dose (1-6 kGy) was shown in Fig. 11 (b). It was
noticed that, TL curve intensity was found to increase linearly up to a
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Fig. 11. (a) TL glow curves of BiyZr,0,:Er** (1-11 mol %) NPs at a y-dose of 1 kGy [Inset: Variation of intensity of TL glow peak as a function of Er>* concentration],
(b) TL glow curves of BiyZr,0,:Er>* (5 mol %) NPs with different y-dose irradiation (1-6 kGy) [Inset: Intensity of TL glow curves versus y-dose], (c) TL glow curves of
BiyZr,0,: Er® " (5 mol %) NPs irradiated with 6 kGy y-dose at the various heating rates (5, 7.5, 10 and 12.5 °C/s), (d) Deconvoluted peaks of Bi,Zr,0,:Er®* (5 mol %)
NPs with 6 kGy vy-dose, (e) Plot of fading ratio versus storage time and (f) reproducibility plot.

given y-dose, indicating that the phosphor was quite useful for dosi-
metric applications. The linear increase in TL intensity with y-dose
(Inset of Fig. 11 (b)) was mainly due to the interaction among y-rays
and NPs. In general, (i) photoelectric effect, (ii) Compton effect and (iii)
pair production are the main reasons for explaining the interaction
between y-rays with NPs [50]. In the present work, the interaction with
Compton effect and photoelectric effect was more when compared to
pair production due to significant energy of ®°Co source. Fig. 11 (c)
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shows the TL glow curves of Bi»Zr,0: Er’" (5mol %) NPs irradiated
with 6 kGy y-dose at the various heating rates (5, 7.5, 10 and 12.5 °C/s).
A small shift of the prominent TL glow peak towards the high tem-
perature region was observed with the increase of the heating rate. This
increment in the peak intensity with respect to heating rate, suggesting
the exclusion of thermal quenching which was fundamentally required
for TL dosimetric applications [51]. The various trapping parameters
were calculated by using TL glow curves of BiyZr,0,: Er** (5mol %)
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Summary of the activation energy (E) values, shape factor (), frequency factor (S) and average energy of the glow curve of BiyZr,O7:Er>* (5 mol %) NPs irradiated

with different y-doses of the.

y-dose (KGy) Glow Peak Tm (°C) b (ug) Activation energy, E (eV) Frequency factor (s) (Hz)
E. Es E, Eave
1 1 76 2(0.83) 0.232 0.223 0.446 0.761 2.8E+09
2 120 2(0.51) 0.136 0.311 0.262 0.941 1.2E+09
3 148 2(0.53) 0.138 0.313 0.278 0.945 1.6E+09
4 203 2(0.52) 0.154 0.136 0.294 1.336 3.1E+09
2 1 76 2(0.49) 0.163 0.163 0.321 0.754 2.2E+10
2 120 2(0.51) 0.208 0.214 0.432 0.694 1.6E+08
3 148 2(0.53) 0.137 0.312 0.279 0.944 1.6E+09
4 203 2(0.47) 0.197 0.196 0.391 1.577 4.1E+08
3 1 76 2(0.51) 0.238 0.214 0.454 0.616 2.4E+17
2 120 2(0.50) 0.119 0.132 0.571 0.574 2.6E+06
3 148 2(0.52) 0.138 0.313 0.281 0.946 1.6E+09
4 203 2(0.53) 0.132 0.125 0.244 1.441 8.8E+09
4 1 76 2(0.49) 0.231 0.226 0.254 1.031 3.4E+10
2 120 2(0.51) 0.126 0.113 0.453 1.394 5.4E+13
3 148 2(0.51) 0.139 0.312 0.283 0.945 1.6E+09
4 203 2(0.52) 0.296 0.254 0.547 1.633 1.1E+09
5 1 76 2(0.51) 0.744 0.144 0.144 0.651 7.3E+11
2 120 2(0.50) 0.167 0.164 0.337 1.024 2.8E+09
3 148 2(0.51) 0.140 0.314 0.283 0.945 1.6E+09
4 203 2(0.50) 0.273 0.281 0.554 1.488 8.5E+19
6 1 76 2(0.52) 0.738 0.144 0.144 0.657 7.2E+11
2 120 2(0.48) 0.157 0.163 0.336 1.026 2.7E+09
3 148 2(0.51) 0.139 0.312 0.284 0.948 1.6E+09
4 203 2(0.51) 0.276 0.281 0.551 1.487 8.5E+09

NPs irradiated with 6 kGy y-dose data, as described in the reported
literature. The combined experimental and deconvoluted TL glow
curves of BiyZr,O5: Er®* (5mol %) NPs irradiated with 6kGy y-dose
data were shown in Fig. 11 (d). The deconvoluted TL glow curves ex-
hibit four distinct peaks at ~60, 110, 140 and 205 °C.

The quality of the fitted glow curves was estimated by calculating
the parameter called Figure of Merit (FOM), as given below [52];

Z TLExp - TLThe

FOM =
Z TLThe

1D

where, TLgyx, and TLyhe; TL intensity of experimental and theoretically
obtained glow curves, respectively. In the present study, the FOM va-
lues of BiyZr,0,: Er®™ (5 mol %) NPs irradiated with 6 kGy y-dose were
estimated and found to be 1.64%. The estimated values were found to
be < 5%, indicating that a good agreement among the experimental
and theoretically obtained results. The estimated trapping parameters
of BisZr,0,: Er®* (5mol %) NPs irradiated with various y-ray dose
(1-6 kGy) are listed in Table 5.

Fig. 11 (e) shows the TL stability of the prominent glow peak
(120 °C) of BiyZr,0,:Er** (5 mol %) NPs exposed to 6 KGy y-irradiation
with different time periods. As can be evident from the figure that, the
120 °C glow peak fade 25% for the first 20 days of storage and there-
after the fading was gradual. Further, with increase of storage time up
to 35 days, 45% fading was noticed. This was high enough for the
present material useful in dosimetric applications [53-55]. In addition
to this, the reusability of the prepared Bi,Zr,O,:Er** (5mol %) NPs
after many reiterations of exposures and readouts was studied. Initially,
the TL glow curves of optimized NPs exposed to 6 KGy y-irradiation
were recorded from room temperature to 300 °C. After that, the NPs
was quickly cooled to room temperature and again irradiated with same
y-dose and its corresponding glow curve was recorded. The experiment
was performed by such repeated cycles of exposures and readouts and
its glow curve was recorded. The results after four repeated cycles of
annealing-irradiation-readout was shown in Fig. 11 (f). As evident from
the figure that, the slight variation in the TL intensity peak during four
cycles of readout, which obviously specify that Bi,Zr,0,:Er®>* (5 mol %)
NPs can be reused for many times to record the absorbed amount of
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radiation in radiation rich areas.
4. Conclusions

Novel BiyZr,0,:Er** (1-11 mol %) NPs were fabricated by simple
hydrothermal route. Morphology of the sample was highly dependent
on various hydrothermal conditions. The energy band gap values are
estimated and found to be in the range of 2.63-2.67 eV. The PL emis-
sion spectra shows intense peaks at ~524, 547 and 660 nm attributed to
2Hy1 5 — 152, *S3/2 — 15,2 and *Fg5 — *I;5,- intra 4-4f transitions
of Er®* ions, respectively. The sensor sensitivity of the BiyZr,0,:Er®*
(5mol %) NPs was found to be ~0.0621 K~ !at lower temperature
282K, suggesting suitability for the optical thermometry application.
The CIE co-ordinates are located in the green region and the average
CCT was found to be ~4611 K, which was less than 5000 K indicates
that the phosphor was a potentially active component in warm LEDs.
The TL glow curves of samples irradiated with y-rays showed two peaks
at ~120 and 203 °C. Up to a given dose, the TL intensity at 120 °C peak
was found to increase linearly. The optimized sample showed the
simple glow curve structure with less fading and good reusability. The
aforementioned results clearly indicate that the optimized NPs was
quite useful for multi-functional applications.
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