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ARTICLE INFO ABSTRACT

Keywords: Size tunable nanoparticles (NPs) have played an important role in areas of optoelectronics, drug delivery,
GdBZHf207 magnetism and many others. Moreover, designing size-tunable NPs without exposing them to high temperature
Eu’* . and long time thermal treatment is highly desirable to make agglomerate- and defect-free NPs. In this work, we
glim)p article have designed Gd,Hf,07:Eu®" (GHOE) NPs using the molten-salt synthesis (MSS) method with the precursors

made from varying precipitant concentrations (correspondingly the pH of the precipitating solution). The ob-
tained NPs have a decreasing size as the pH of the precipitating solution rises and a defect fluorite structure with
a large fraction of Eu®" ions localized at GdOg distorted scalenohedra, a small fraction residing at Hf** site, and
the presence of oxygen vacacnies in the vicinity of Eu}_,f. Maximum photoluminescence and radioluminescence

Luminescence

outputs and internal quantum yield have been observed from the GHOE NPs made from 5.0% NH4OH as pre-
cipitant due to optimum balance of surface defects and particle clustering. Judd-Ofelt analysis has confirmed that
these GHOE NPs have lowest non-radiative transition probability, brightest red emission, largest branching ratio,
and highest radiative transition rate. With increasing pH of the precipitating solution, the group symmetry of
Eu®" ions in the GHOE host decreases systematically from D4 — C4y — Csy and then saturates, consistent with the
pH dependent asymmetry ratio value. Also, the extent of polarizability enhances and the Eu-O bond becomes
more covalent as confirmed by the monotonic increase of Q5/Q4 ratio. Our work on these optical materials will
assist the scientific community to make size-tunable nanoparticles at low synthesis temperature for efficient
luminescent devices.

1. Introduction dictating their stability and various biological and physicochemical

properties [20-23]. Particularly, in the area of luminescent NPs, their

Nanomaterials have at least one dimension falling in the size range of
1-100 nm [1]. Their catalytic, thermal, optical, magnetic, biological,
mechanical, and chemical properties are dictated mainly by atomic
physics rather than classical physics, which govern bulk materials [2,3].
Because of their unique properties [4,5], nanomaterials have inspired
intense scientific curiosity and various technological applications. They
have played essential roles in improving the living standards of human
beings by virtue of several applications in the areas of catalysis, light
emitting devices, sensing, scintillators, magnetism, bioimaging, persis-
tence luminescence, medical, optoelectronics, etc. [6-18].

Synthesis methods play a huge role in designing well-defined nano-
materials with uniform and monodisperse morphology [19]. Recently it
was found that the size of nanoparticles (NPs) plays a vital role in
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size is of utmost importance as they control defect density, amount of
aggregation, surface texture, surface roughness, etc. [23], which indi-
rectly influence their luminescence properties. In this sense, designing
size tunable luminescent NPs will be interesting to investigate and
harness their full potentials. In most of the reports, size variation is
mostly induced by annealing them at high temperatures or exposing
them at the same temperature for a long duration. These practices have
several disadvantages as they may lead to the formation of large ag-
gregates, which may cause light scattering and reduce the quantum ef-
ficiency of luminescent NPs.

Among several methods reported for synthesizing NPs, molten-salt
synthesis (MSS) is one of the preferable routes owing to its advantages
such as low formation temperature, scalability, environmentally
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beingness, easy to operate, etc. [25] One of our recent MSS processes
involves two steps: (i) co-precipitation to form complexed single-source
precursors of all composing cations and (ii) thermal treatment of the
precursors in molten salts to form desirable NPs. Based on our early
experience, we found that the pH of the co-precipitation solution in the
first step is critical in optimizing the size of the NPs with relatively low
aggregations [17,24,26,27].

Most of our previous work was focused on f° types of pyrochlore
hosts with a general formula of A;M07, such as LayHf>07 and LayZr,07
consisting of La®* as the A-site cation. Based on a plethora of work
carried out by several researchers and by our group, we found that
Gd,Hf>07 (GHO) type pyrochlore belongs to a very interesting class as
they are located at the boundary of fluorite-pyrochlore boundary
depicting several interesting properties. This includes high dielectric
constant k, high thermal stability, and high melting point which impart
them with several applications for magnetism, high k materials, scin-
tillators, thermal barrier coatings, luminescence host, etc. [28-35] In
fact, we have explored both lanthanide (Eu3+) and actinide (U6+) doped
GHO NPs with an objective to understand the thermally induced phase
transition, its effect on photo- and radio-luminescence, and their po-
tential as nuclear waste host [33-35]. However, no studies have been
reported on synthesizing size-tunable GdyHf,0,:Eu®t (GHOE) NPs by
varying the concentration of precipitant (NH4OH), in other words, the
co-precipitating pH, in first step of the MSS method. Therefore, it will be
interesting to explore the effect of pH induced size changes of the GHOE
NPs on their crystal structure, UV excited luminescence, and X-ray
excited luminescence. Study on UV excited state luminescence and
X-rays excited luminescence will provide new opportunity to design
novel size-tunable phosphors and scintillators.

Hence, in this work, we have synthesized GHOE NPs using different
co-precipitating pH values. The obtained GHOE NPs were characterized
using X-ray diffraction (XRD), Fourier-transform infrared spectroscopy
(FTIR), Raman spectroscopy, field emission scanning electron micro-
scopy (FESEM), UV excited photoluminescence (PL), and X-ray excited
radioluminescence (RL), and lifetime spectroscopy. Our work provides
an opportunity to the optical community to design size-tunable nano-
phosphors with optimum PL emission output, decent RL output, excited
state lifetime, and quantum efficiency. We have also carried out Judd-
Ofelt analysis to decipher various photophysical parameters which
provide information on radiative and non-radiative transition rates,
branching ratios, and Judd-Ofelt parameters as a function of the co-
precipitating pH of the GHOE NPs.

2. Experimental
2.1. Synthesis

All the materials for the synthesis of the GHOE NPs were bought from
Sigma-Aldrich with a purity of >99.0%. The GHOE NPs were synthe-
sized using a two-step MSS route. First, a complex single-source pre-
cursor was generated by dissolving stoichiometric amounts of
gadolinium nitrate hexahydrate (Gd(NO3)3-6H20), hafnium dichloride
oxide octahydrate (HfOCl,-8H20), and europium nitrate hexahydrate
(Eu(NO3)3-6H20) in 200 mL of Millipore water at room temperature.
The aqueous mixture of these cationic components was mixed for ~30
min under magnetic stirring. To fine-tune the particle size and enable
the investigation of the effects of precipitation pH on the optoelectronic
characteristics of the GHOE NPs, ammonium hydroxide solutions with
several different concentrations (0.5%, 2.5%, 5.0%, 10.0%, and 15.0%)
were prepared. Each ammonium hydroxide solution was titrated drop-
wise into an aqueous mixture of the cationic components under stirring
for 2 h. Five different samples were generated where all stoichiometric
ratios were kept the same with the only variable of the concentration of
ammonium hydroxide solution to precipitate the complex single-source
precursor (Gd(OH)3-HfO(OH),-nH50). The pH value of each of the co-
precipitating solutions was measured by a pH meter. The relationship
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between the pH value of the co-precipitating solution and the concen-
tration of the added ammonium hydroxide solution was plotted and
shown in Fig. 1a. The second step is to form the GHOE NPs by thermal
treatment of the co-precipitated complex single-source precursors in a
molten salt under the same conditions. The MSS method has attracted a
lot of attention recently to form complex metal oxides due to its
simplicity and adaptable protocol. Specifically, the complex single-
source precursors were mixed with potassium nitrate (KNO3) and so-
dium nitrate (NaNO3) at a molar ratio of 1:30:30 and grinded to fine
powder mixtures. The resultants were placed in alumina crucibles and
heated at 650 °C at a ramp rate of 1 °C-min~! for 6 h. After the annealing
period, the salts were washed off using DI water till the GHOE NPs were
free from any residual salts. The final five samples were subject to full
characterization in terms of their purity, shape, size, and optical per-
formance. For simplicity, the samples are denoted as GHOE-0.5, GHOE-
2.5, GHOE-5.0, GHOE-10.0, and GHOE-15.0 according to the concen-
trations of used ammonium hydroxide solutions.

2.2. Characterization

XRD data of the generated GHOE NPs were collected using a Bruker
D8 X-ray diffractometer coupled with a Cu source K, with a 0.15406 nm
wavelength operating at 40 kV and 40 mA. The data was collected in a
260 mode ranging from 10° to 90° with a step size of 0.04° at a rate of 2.0°
per minute. Raman spectra were taken using a Bruker Senterra system
using a 785 nm laser. The scans were set for a range of 80 cm™! to 1530
cm ™! and ten accumulations. FTIR was conducted on a Thermo Nicolet
Nexus 470 FT-IR system. The scans were taken in transmittance mode
covering a wide range from 100 em™! to 4000 cm L. SEM images were
collected using a Carl Zeiss sigma VP field emission instrument oper-
ating at 5 kV. PL and RL data were collected using an FLS 980 (Edinburg
Instruments) coupled with both a continuous and a pulse Xenon lamps.
The instrument was modified for RL experiments using an Ag source
with 0.52 A wavelength operating at 60 kV and 200 mA.

3. Results and discussion
3.1. XRD, FTIR and Raman spectra

The GHOE NPs were subjected to structural characterization using
XRD, FTIR, and Raman spectroscopy to ensure their quality. The re-
flected XRD peaks are well defined, sharp, and with high intensity
(Fig. 1b). The nature of the peaks indicates that the GHOE NPs are highly
crystalline and have a relatively small crystalline size.

The nanocrystallite size of all the samples was further estimated by
the Debye Scherer formula coupled with the Williamson-Hall approach
to account for lattice strain broadening. The crystallite size estimated
from peak broadening and strain in all the samples is given in Table 1.

It is clearly seen from this table that the crystallite size decreases with
increasing co-precipitating pH. The same has been ascribed to the fact
that increasing NH4OH concentration gives more single-source precur-
sor (Gd(OH)3-HfO(OH),-nH,0) nucleii. This eventually leads to the
reduction of the particle size of the amorphous single-source precursor
which give smaller sized GHOE NPs [36]. The reduction in crystallite
size with the increase of co-precipitation pH was also observed from the
synthesis of zinc oxide and lutetium oxide NPs [37,38].

The reflection planes from the XRD patterns show a defect fluorite
structure (Fm3m space group) since there are no superlattice peaks (2-
theta = 29°, 37°) that would correspond to its pyrochlore counterpart
(Fd3m space group). In previous work, we highlighted the importance of
annealing temperature for generating pyrochlore structures [33]. We
focus on the effects of precipitating pH in this work. There is no evidence
of structural selection by just adjusting the co-precipitation pH at the
co-precipitation stage during the formation of the complex single-source
precursor. These two almost identical structural phases are relatively



S.K. Gupta et al.

Journal of Luminescence 228 (2020) 117605

13.5 ( )
a |
13.0 4 /
12.5 4
25 -
12.0 4 /
11.5 |
T
Q
11.0
10.5
10.0
9.5
9.0 T T T T T T T T T
0 2 4 6 8 10 12 14 16
NH,OH (mol %)
GHOE-15.0
é GHOE-10.0
@
3}
€ [GHOE-5.0
©
E
&
2  |GHOE-2.5
©
S
(=
GHOE-0.5
T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm")

GHOE-15.0

(b)

(111)

200)

(
(222)
(400)
(420)

(220)
(311)

(331)

GHOE-10.0

GHOE-5.0

GHOE-2.5

Normalized Intensity (a.u.)

GHOE-0.5

T T T T T T

20 30 40 50 60 70 80 90
2-Theta (°)

GHOE-15.0

GHOE-10.0

GHOE-2.5

Normalized Intensity (a.u.)

200 400 600 800
Raman Shift (cm™)

1000

Fig. 1. (a) The relationship between the pH value of the co-precipitating solution and the concentration of the added ammonium hydroxide solution, (b) XRD

patterns, (c) FTIR spectra, and (d) Raman spectra of the GHOE NPs.

Table 1
The calculated strain and crystallite size of the GHOE NPs synthesized with
different co-precipitation pH values.

Samples 20(°) FWHM Strain (e) ( x Crystalline size
(radians) 1073 (nm)

GHOE-0.5 29.80 0.81 2.61 £0.97 19.3 £ 5.9

GHOE-2.5 30.08 0.83 2.57 £ 1.5 18.0 £7.9

GHOE-5.0 29.65 0.86 2.75+1.3 15.4 + 5.1

GHOE- 29.70 0.88 1.70 £ 1.2 13.0 £ 3.2
10.0

GHOE- 29.64 091 1.34 + 0.67 129+ 1.8
15.0

difficult to distinguish by lab-scale x-ray diffractometer due to their
cubic nature. It requires additional quality check-up to fully understand
the crystal phase of the synthesized GHOE NPs.

FTIR spectra (Fig. 1c) were taken to explore the purity and compo-
sition of the GHOE NPs. In addition, FTIR can probe metal-oxygen vi-
brations making it an essential tool to examine local disorder. The broad
band in the region of 3070-3590 em’! present in all of the FTIR spectra
was ascribed to N-H or O-H stretching vibrations, which might come
from the used precipitant NH4OH and water molecules present in the
complex single-source precursor or from adsorbed moisture after the
final synthesis [39]. Here, the intensity of the OH vibration at 3500 cm?!
increments with increasing precipitant NH4OH concentration confirm-
ing higher OH presence on the surface of the GHOE NPs. More OH vi-
bration could cause nonradiative pathways dissipating the photon count
and reducing luminescence intensity as discussed below. The IR peaks
located in the range of 1300-1600 cm™ are due to the bending vibration
of O-H bond [40]. The IR absorption band at 700-900 cm’! is attributed

to the wagging vibration of N-H band. The characteristic pyrochlore
peak of the GHO is located at 500 em’! [41].

Raman spectroscopy was carried to identify the actual structure of
GHOE. Based on the theory of point group, the ordered pyrochlore (OP)
structure of A;B>0O; composition shows chracteristics 6 closely spaced
peaks in the range of 200-1000 em’!, which are attributed to Dpyr = Agg
+ Eg + 4F2g [7,24,26]. On the other hand, disordered fluorite (DF) phase
typically shows a single broad peak due to I'y, = Fay owing to the
random distribution of oxygen ions over eight available positions, which
cause large structural disordering. Regarding the ionic radius ratio ra/rp
as a critical parameter in deciding the structure of pyrochlore lattice, it is
reported that the disordered fluorite phase is favored when ra/rp is less
than 1.46 whereas the ordered pyrochlore phase is the prevalent
structure when rp/rg is more than 1.46. Interestingly, rgq/rus is equal to
~1.48 for GHO as the host of the GHOE NPs, which is slightly greater
than 1.46. Thus, the availability of these GHOE NPs offers a unique
opportunity to study the DF to OP phase evolution as this can be induced
thermodynamically which we have observed in our earlier work [33].
The DF structure will be shown by only vibrational mode in the range of
~300 cm™! pertaining to the Fyg metal-oxygen vibrational mode while
the OP phase will show six vibrational modes. Fig. 1d shows a single
broad Raman peak that confirms the DF structure of our GHOE NPs, and
therefore agrees with our XRD results.

3.2. SEM

SEM images (Fig. 2) were captured for the GHOE NPs to evaluate the
effect of the co-precipitation pH on the particle size. The images show
that most of the NPs are spherical in shape and some of them have
clustered in larger particles with several small spheres. The shape seems
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Fig. 2. SEM images of the GHOE NPs prepared with different co-precipitation pH. Insets show the histograms of particle size distribution using the ImageJ software.

to be unchanged by the manipulation of the co-precipitation pH was uses
as a digital caliper to quantify the particle size for each sample. The
histograms generated by ImageJ software for each sample give esti-
mated average particle size of 40, 36, 31, 29, and 25 nm with increasing
ammonium hydroxide concentration used for the co-precipitation. This
suggests that the particle size of the GHOE NPs decreases with increasing
co-precipitation pH, which agrees with the calculated particle size from
our XRD results (Table 1 and Fig. 1b).

3.3. PL

Excitation spectra of the GHOE NPs (Fig. 3a) consists of two main
features. One broad band peaks around 270 nm due to the 0®~ — Eu®*
charge transfer band (CTB) and some fine small peaks encompass in this
CTB at around 300-325 nm due to several defects present in the GHO
host as reported in our earlier work [33]. Several peaks in the range of
350-500 nm are ascribed to intra-configuration f-f bands of Eu®* ions.
The two most important peaks are located at 395 nm due to the "Fo —
SLe transition and at 465 nm due to the "Fy — °Dj transition. The in-
tensity of the CTB is much more than that of the intra-configuration f-f
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Fig. 3. (a) Excitation spectra (Aem = 615 nm) and (b) emission spectra (Aex = 270 nm) of the GHOE NPs. (c) Color coordinate diagram of the GHOE-5.0 NPs. (d)
Variation of asymmetry ratio vs. the co-precipiation pH, (e) the variation of integral PL intensity vs. the co-precipitation pH, and (f) luminescence decay profiles of the

GHOE NPs.
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Fig. 4. Stark splitting of various transitions of Eu®>* from our GHOE NPs: (a) °Dy — “Fy, (b) °Dg — “Fy, (c) °Dg — "Fs, and (d) *Dg — "Fa.

Table 2
Stark splitting components of various transitions of the GHOE NPs.
Samples 5Dy — 5Dy — 5Dy — 5Dy — Point group
7F 7Fy 7F3 "Fy symmetry [42]
GHOE-0.5 1 2 1 3 Dy
GHOE-2.5 2 2 2 4 Cay
GHOE-5.0 3 3 3 5 Csy
GHOE- 3 3 3 5 Csy
10.0
GHOE- 3 3 3 5 Cay
15.0

bands suggesting luminescence in the GHOE NPs is governed by host to
dopant energy transfer.

The emission spectra of the GHOE NPs (Fig. 3b) is rich in Eut
characteristic peaks located at 592, 619, 650 and 710 nm due to 5Dy —
7F1, °Dy — "Fa, °Dy — Fs, and °Dy — ’F, transitions, respectively.
Among these transitions, 5Dy — 7F; is allowed by magnetic dipole
transition (MDT, AJ = +1) and is not affected much by the local field
and environment of Eu®t dopants. Its corresponding transition peak is
intense wherein europium is localized in symmetric environment. On
the other hand, Dy — "F5 is allowed by forced electric dipole transition
(EDT, AJ = £2) and is strongly affected by the local field and environ-
ment of Eu®* ions. Its corresponding transition is intense wherein Eu>*
is localized in asymmetric environment without center of inversion. Dy
— 7F3 is neither allowed by EDT nor by MDT. 5Dy — 7F4 is ascribed to
EDT. In our emission spectra, the intensity of EDT is much higher than
that of MDT suggesting that Eu>" ions are localized in highly asymmetric
environment in all of the GHOE samples which lacks of inversion sym-
metry. Color coordinates were also calculated for one of the represen-
tative sample GHOE-5.0. Its values fall in the region showing bright red
emission (Fig. 3c).

One informative parameter is the asymmetry ratio (A2; = Iept/IvpT)-
It is > 1.0 for all of the samples (Fig. 3d), which further suggest low
symmetry around Eu®" ions in the GHO lattice. In fact, the Ay; value
increases initially with increasing co-precipitation pH values. At pH =
11.4 (GHOE-5.0) and beyond, it saturated around 11.95 (Note: the curve
connecting the data points does not have real scientific meaning and is
for the purpose of guiding the eyes). There are two cationic sites in GHO:
8-coordinated GHOg scalenohedra which is highly distorted and HfOg
octahedra which is relatively more ordered. Based on closeness in ionic
radius, a large fraction of Eu®" ions preferably goes to the Gd>" site
compared to Hf*" site, which invokes the need of charge compensation
by oxygen vacancies. Here, the high intensity of the 5Dy — 7F, transition
is clearly justified by the fact that a large fraction of Eu>" ions occupies
the distorted GdOg scalenohedra. Meanwhile, the presence of MDT Do
— 7Fy in the emission spectra indicates that a decent amount of Eu®*
ions does occupy highly symmetric HfOg. The Eu* ions occupying Hf**
sites may lead to the generation of negative antisite defects (Eu’Hf) and

positive oxygen vacancy defects (V) as indicated below by the Kroger-
Vink notation:

Ew** + Hf* Eu,, + V, @

Moreover, the PL emission intensity increases with increasing co-
precipitation pH up to that for the GHOE-5.0 NPs, and there was a
reduction of the PL emission intensity beyond that (Fig. 3e). There are
two factors to be considered for this trend: surface defect density (SDD)
and degree of clustering (DOC). The initial rise of the PL emission in-
tensity is because the DOC predominates over SDD initially with
increasing co-precipiation pH (up to 11.4). Lower the DOC, smaller the
scattering of excitation and emission photon, and higher the PL emission
intensity. Beyond the co-precipitation pH of 11.4, the SDD overpowers
the DOC as the particle size of the GHOE NPs keeps decreasing (from 39
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nm to 25 nm as tabulated in Table 1) with increasing co-precipitation
pH. Surface defects are known to provide alternative pathways to non-
radiative transitions and hence the observed reduction of the PL emis-
sion intensity when the co-precipitation pH further increased from 11.4
to 13.2.

The luminescence decay profiles of the GHOE NPs (Fig. 3f) can be
fitted using the biexponential equation:

I(t)=Ayexp(—t/t1) + Az exp(—t /1) 2

The fitted two lifetime values do not change much and are in the
ranges of 650-700 ps (t;, 72%) and 1.45-1.60 ms (tp, 28%). The short
lifetime (t;) is ascribed to Eu®" ions sitting at asymmetric GdOg scale-
nohedra. This is in line with phonon-energy concept according to which
f-f transitions are LaPorte relaxed at asymmetric center and are
forbidden in case of symmetric centers. Accordingly, the long lifetime
(tz) value is ascribed to Eu®" ion sitting at symmetric HfOg octahedra.
The fractional distribution of these two lifetimes is also in line with the
observed PL emission spectra with more intense EDT peak compared to
MDT peak (Fig. 3b), i.e. a large fraction of Eu®" ions is at asymmetric site
compared to at symmetric site. Lifetime data throw similar light with
72% Eu* ions occupying the GdOg and 28% occupying the HfOg.

We have further studied the effect of the co-precipitation pH on Stark
splitting of the PL spectra of the GHOE NPs. Stark splitting occurs with
the °Dg — "Fy (J =1, 2, 3, and 4) transition of Eu®* (Fig. 4 & Table 2) due
to electric field effect of the crystalline GdoHf>07 host. From Table 2, the
point group symmetry changes from D4 to C4y to Csy, and then there is
saturation at the GHOE-5.0 NPs and beyond. This observation is
completely in line with our Ay; plot (Fig. 3d) wherein the Ay; values do
not change for the samples of the GHOE-5.0, GHOE-10.0, and GHOE-
15.0 NPs. This suggests that the Eu>" environment attain more or less
constancy in the GHOE NPs prepared at high co-precipitation pH.
Moreover, as the concentration of the precipitant NH4OH increased from
0.5 to 5.0%, the point group symmetry of Eu®* changes from D4 to Cs,,
which suggests that Eu>* becomes more asymmetric and reaches the
maxima at the co-precipitation concentration of 5.0%. This is one of the
reasons for the highest PL emission intensity observed from the GHOE-
5.0 NPs.

3.4. Judd-Ofelt (JO) analysis

By taking into consideration of the refractive index of the GHO host,
the calculated lifetime, the integral peak area of the corrected PL
spectra, we employed several equations for the GHOE NPs to calculate
various photophysical parameters, such as Ag, Ang, IQE, JO parameter,
and branching ratio, which are listed in Table 3 [43,44].

From the literature, it is well-known that the short range JO
parameter, €25, is an indication of the covalency and polarizability of
Eu-O bond, and the long range JO parameter, €24, is related to viscosity
and rigidity which are the bulk properties of phosphor hosts. High Q2
values point to high covalent and polarizable environments around Eu>*
ions in hosts. For all of our GHOE NP samples, the 2, parameter is larger
compared to the Q4 value, which can be ascribed to asymmetric envi-
ronment and polarizable Eu-O bond. The extent of polarizability en-
hances and the Eu-O bond becomes more covalent as the co-precipiation
pH is raised for synthesizing these GHOE NPs, which is further
confirmed by the monotonic increase of 2/€04. The radiative transition
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rate Ar and non-radiative transition rate Ayg maximizes and minimizes,
respectively at the co-precipitation NH4OH concentration of 5.0%. This
is attributed to optimum SDD and DOC of the GHOE-5.0 NPs compared
to other GHOE samples. Internal quantum efficiency (IQY) value also
increases with increasing co-precipiation pH up to that for the GHOE-5.0
NPs. This is attributed to highest Agx and lowest Axg values from the
GHOE-5.0 NPs. There is complete agreement with the trend of PL
emission intensity (Fig. 3e) and IQY value. The purity of red emission is
governed by the branching ratio values f§; (s = 1, 2, and 4). It is clearly
seen that the f5 value is much larger than the $; and g4 values. This
suggests that most of the photon output results in red emission and or-
ange and near infrared emissions are low from the GHOE NPs.

3.5. RL

Scintillating phosphors convert high-energy photons (y-rays and x-
rays) into tens of thousands of low energy photons mostly in the visible
range. RL emission spectra of the GHOE NPs excited by X-ray (Fig. 5a)
are characterized by four distinct bands located at 596, 615, 650, and
711 nm corresponding to the 5D0 - 7F1, 5D0 - 7F2, 5Do - 7F3, and 5DO -
7F, transitions of Eu®" ions, respectively. The RL emission spectra of the
GHOE NPs are very similar to their PL emission spectra (Fig. 3a) while
the PL spectra demonstrate relatively more splitting at high co-
precipitation pH and the RL spectra show constant extent of splitting.
This can be attributed to different energies of the excitations used: x-ray
vs. UV light at 270 nm. UV excitation proceeds by host sensitization
whereas x-ray excitation processes through photoelectric effect and the
creation of excitons.

The variation of integrated RL intensity of the 615 nm peak corre-
sponding to °Dg — ’F; transition as a function of the precipitant NH,OH
concentration used to synthesizing these GHOE NPs (Fig. 5b) shows that
the maximum RL output is achieved with the NH4OH concentration of
5.0%, which is consistent withthe PL results (Fig. 3e). Emission intensity
of phosphors is strongly affected by surface defects present on nano-
materials. There are two affecting parameters for luminescence prop-
erties: surface defects and agglomeration. Surface defects provide non-
radiative pathways whereas agglomeration scatters incident and
emitted light. Hence, the increase of both parameters reduces PL and RL
intensity. Our SEM images and XRD data show that there is gradual
decrease of particle size from 39 nm to 25 nm with increasing NH4OH
concentration from 0.5 to 15.0%. The initial increase of RL intensity
with increasing NH4OH concentration from 0.5 to 5.0% is attributed to
reduced light scattering. Beyond that, the effect of surface defect dom-
inates the quenching of the RL.

The process of converting x-ray excitation into visible light by scin-
tillators is usually divided into four different steps as pictorially repre-
sented in Fig. 6 [45,46]. The nature of heavier constituents is very
important for efficient x-ray scintillation process because x-ray absorp-
tion intensity varies proportionally to ngf/AE [3] where Z.¢ and A are
effective atomic number and atomic mass, respectively, and E is the
energy of x-ray [47]. Accordingly, GHO is a desirable host for x-ray
scintillators due to its high effective atomic number of Hf (72) and
density (7.9 g/cc).

In the first step, a scintillating material absorbs x-ray through pho-
toelectric effect (PE), which creates electrons and holes. At the begin-
ning, the x-ray (E < few 100 KeV) interacts with Hf atom of the

Table 3

Various photophysical parameters of the GHOE NPs synthesized with different co-precipitation pH values.
[NH,OH] (%) ARG Ang (571 1QY (%) 2 (*107%%) Q4 (51072 b1 (%) B2 (%) Ba (%) 22/04
0.5 268 234.19 52.9 0.48 0.298 19 60.2 18.6 1.61
2.5 265 211.86 55.5 0.485 0.299 18.9 60.5 18.5 1.62
5.0 314 187.71 64.2 0.488 0.297 18.8 60.6 18.3 1.64
10.0 285 204.49 61.9 0.498 0.304 18.5 60.9 18.4 1.68
15.0 271 210.52 59.3 0.503 0.313 18.3 60.8 18.7 1.72
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Fig. 6. Proposed scintillation mechanism of the GHOE NPs [50].

pyrochlore GHOE NPs mostly through PE. Similar interaction mecha-
nism was predominant in CsPbBr; nanocrystals where x-ray interacts
with Pb atom of the perovskite nanocrystals through PE [45]. In the
second step, the electrons and holes relax to generate large number of
secondary electrons, holes, photons, and plasmons. Such relaxation also
induces several other electronic excitations. These secondary electrons
and holes lose their energy via electron-phonon interaction to give
electron-hole pairs with near band gap energy. The third stage involves
the transport of the electron-hole pairs (excitons) through the scintil-
lating material to luminescent centers (traps), i.e. the excitation of the
luminescent centers. The final stage is the resulting luminescence. A
scintillating material which has a high light output and short lifetime
under photoexcitation may have a very low light output and/or long
lifetime under x-ray excitation [48]. This is due to the energy losses and
delays in the energy migration processes which are absent in PL where

the luminescent centers are directly and intentionally excited [49]. This
mechanism has been described in great details by Lecoq et al. [50] Here
we have only discussed the process happens when electrons get excited
and go from valence (VB) to conduction band (CB) whereas there are
many processes happening in the core band.

4. Conclusion

In this work, pure GHOE NPs with different sizes were synthesized
using the MSS method by varying the pH of the precipitating solution,
which is achieved by varying the concentration of NH4OH precipitant.
The formed spherical NPs with a defect fluorite structure have a nar-
rowing size from 39 to 25 nm when the pH increases from 9.4 to 13.2.
The GHOE NPs synthesized with 5.0% NH4OH at pH 11.4 have the
maximum luminescence emission intensity and internal quantum yield
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due to the optimum balance of surface defects, degree of aggregation,
and non-radiative channels. Asymmetry ratio analysis suggests that the
Eu>" dopant lacks inversion symmetry in the GHO host with a large
fraction located at GdOg scalenohedra and others at Hf** sites. In line
with asymmetry ratio values, Stark splitting analysis shows that the
point group symmetry of Eu®" changes from D4 — C4y — Csy as the
precipitating pH increases from 9.4 to 11.4 and then saturates in the pH
range of 11.4-13.2. The Judd-Ofelt analysis shows an increase of
polarizability and covalency of the Eu-O bond as the pH of the precip-
itating solution raises. Such a complete spectrum of work wherein size
tunable NPs are synthesized just by varying the precipitating pH and its
effect on the photoluminescence and radioluminescence properties gives
a new dimension in the areas of nanophoshors for solid-state lighting
and scintillator applications.
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