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A B S T R A C T

Defect, doping and particle size play important roles on the optical performance of nanophosphors. In this study,
undoped La2Zr2O7 NPs (LZO) displayed multicolor emission under UV irradiation due to the presence of ionized
oxygen vacancies in the band gap. In addition, we explored the effect of particle size of La2Zr2O7:Eu3+ (LZOE)
NPs on their structure, surface area, photoluminescence, radioluminescence, lifetime and quantum yield. There
is progressive decrease in luminescence output and quantum yield as the coprecipitation pH is raised to prepare
the single-source precursors for the molten salt synthesis of the NPs. Under X-ray irradiation, the LZOE NPs emit
red light highlighting their potential as X-ray scintillator. We explained the experimental observations based on
surface defect analogy. The experimentally obtained emission in violet-blue and red optical regions is correlated
to defect related emission. High asymmetry ratio suggested low symmetric environment of Eu3+ ions in the LZO
host and the occupancy of Eu3+ ions is more favorable at LaO8 site compared to ZrO6 site. Emission spectra of
the LZOE also showed favorable host to dopant (Eu3+) energy transfer. This work provides a clear picture of
making highly efficient red phosphor and X-ray scintillator for applications in optoelectronics and X-ray induced
theranostics.

1. Introduction

Materials with A2B2O7 (A is trivalent ions, B is tetravalent ions, and
O is oxygen) composition have been studied extensively in last few
decades due to their interesting properties such as low thermal con-
ductivity, high radiation stability, high refractive index, high mechan-
ical strength, and high thermal stability [1–5]. These properties make
them suitable for various interesting applications such as thermal bar-
rier coatings [6], magnets [7,8], catalysts [9,10], sensors [11], optical
materials [12], solid-oxide fuel cells [13], and nuclear waste hosts [14],
etc. Usually, phosphors prepared by high temperature solid-state route
have micron-sized particles which are not desirable for optoelectronics,
scintillator and x-ray based bioimaging applications. In recent years,
molten salt synthesis (MSS) technique has been regarded as an effective
and convenient method to synthesize nanoparticles at relatively low
temperature with high level of monodispersity. Moreover, pyrochlore

nanoparticles (NPs) have recently gained significant attention com-
pared to their bulk counterparts in areas of solid oxide fuel
cells [15,16], photocatalysis [17,18], thermographic phosphor [19],
thermal barrier coatings [20], radiation detector [5,21], nuclear waste
host [22], photoluminescence [23–26], scintillation [24–26], and
magnetism [27], etc. La2Zr2O7 in that context has been one of the
standout pyrochlores for its suitability in various kinds of technological
applications such as luminescence, scintillator, ferroelectric material,
nuclear waste host, photoelectrochemical catalyst, and electrode ma-
terial in fuel cell, etc. [14,24,28–30]. As a host for lanthanide doped
nanophosphors, La2Zr2O7 has several favorable properties such as high
thermal stability, ability to accommodate dopant ions at both A and B
sites, having rugged structure and high radiation stability. For such
reasons, it has been predominately used as a host for doped inorganic
phosphors [24,31–35].

Doping nanoparticles is an efficient way to synthesize tunable
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luminescent materials. Moreover, it is expected that doping may shift
the light emission of La2Zr2O7 NPs. This may be due to host to dopant
energy transfer, which can be feasible depending on the energy level
diagram of host and dopant. It is very interesting to observe that in
lanthanide doped inorganic compounds, host to dopant energy transfer
is feasible for some cases and it is absent in some other cases [36–40].
Energy transfer plays an important role in the designing of tunable
phosphors, so understanding the mechanism involved in the process
gives a better insight into making highly efficient phosphors. In this
context, we doped trivalent europium ions into LZO NPs for obvious
reasons including the degenerated 5D0 and 7F0 states, the presence of
pure magnetic dipole, the hypersensitive electric dipole transition, and
the bright and narrow red band from the 5D0→

7F2 transition.
LZOE NPs were synthesized using a molten salt synthesis (MSS)

method at 650 °C. MSS yields pure compounds at a relatively lower
temperature compared to other high temperature ceramic routes.
Moreover, using low melting molten salts, such as alkali halide, nitrate,
nitrite, and sulphide, etc [41]., the rate of reaction is enhanced by in-
creasing the contact area between reactants and the mobility of

reactants within the molten salts. The obtained particles are highly
monodisperse because Ostwald ripening governs the particle growth in
molten salt.

In this study, we exploited another dimension of the MSS process to
make different sized La2Zr2O7:Eu3+ NPs by changing the coprecipita-
tion pH using ammonium hydroxide (NH4OH) solution. We then in-
vestigated its effect on various optical parameters of Eu3+ ions. Eu3+

ions being most extensively used as a spectroscopic probe are the right
choice for this particular work. Eu3+ ions can easily sense any induced
change in the optical properties due to the change of nanoparticle size.
The difference from other studies is that the nanoparticle size variation
is not created by heating temperature or annealing duration. Moreover,
we exploited the effect of nanoparticle size on the radioluminescence
properties of the LZOE NPs, which will help optimize it as an x-ray
phosphor for medical applications. Therefore, this study focused on the
low temperature MSS of the LZOE NPs and the effects of coprecipitation
pH on their optical properties. Furthermore, density functional theory
(DFT) based calculations were performed to identify the change in
electronic density of states (DOS) due to oxygen vacancies (neutral and

Fig. 1. Schematic of the MSS synthesis procedure for the undoped and 5%Eu3+-doped La2Zr2O7 NPs using different concentrations of precipitant NH4OH solution.
The schematic also reveals the size tunability of the obtained NPs by varying the concentration of NH4OH.
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charged). Origin of experimentally obtained emission in violet-blue and
red optical regions is explained using DFT calculations.

2. Experimental

2.1. Synthesis of undoped and Eu-doped La2Zr2O7 NPs

In this work, both undoped and 5% Eu3+ doped La2Zr2O7 NPs were
synthesized using a combined coprecipitation and MSS two-step pro-
cedure as reported in our earlier work [25,32]. To explore the effect of
precipitating pH on nanoparticle size and optical properties of the LZO
and LZOE NPs, we varied the concentration of NH4OH in the copreci-
pitation step. The concentrations used were 0.75%, 1.5%, 3.0%, 6.0%,
and 7.5% of commercial NH4OH solution (aq., 28–30%). This copre-
cipitation step allowed for the formation of a complex single-source
precursor La(OH)3·ZrO(OH)2·nH2O or 95%La(OH)30.5%Eu(OH)3·ZrO
(OH)2·nH2O corresponding to the undoped or 5%Eu3+ doped La2Hf2O7

NPs. In the next MSS step, potassium nitrate (KNO3, 99.9%), sodium
nitrate (NaNO3, 98%) and the formed single-source precursor were
mixed in a weight ratio of 30:30:1 and grinded together into fine
powder. Then the resulting mixture was transferred into a corundum
crucible and placed in a muffle furnace. The furnace was set to run at
650 °C for 6 h with ramp-up and -down rates of 10 °C/min. The syn-
thesized La2Zr2O7 NPs and La2Zr2O7:5%Eu3+ NPs were washed mul-
tiple times with deionized water to remove any residual salt from the
surface of the NPs. Accordingly, the undoped samples are denoted as
LZO-S0.75, LZO-S1.5, LZO-S3, LZO-S6, and LZO-S7.5, and the Eu3+

doped samples are represented as LZOE-S0.75, LZOE-S1.5, LZOE-S3,
LZOE-S6, and LZOE-S7.5. The schematic of the synthesis process for
these undoped and doped LZO NPs is presented in Fig. 1.

2.2. Instrumentation

The LZO and LZOE NPs were characterized using X-ray diffraction
(XRD), Raman spectroscopy, scanning electron microscopy (SEM),
photoluminescence (PL), radioluminescence (RL), fluorescence decay,
quantum yield, and time resolve emission spectroscopy (TRES). To as-
sess the crystal phase and purity of the synthesized NPs, XRD patterns
were collected using BRUKER™ D8 Advance X-ray diffractometer with a
Cu Kα1 radiation (λ=0.15406 nm, 40 kV, 40mA) with a scanning
mode in 2θ ranging from 10° to 90° and a scanning step size of 0.04° at a
scanning rate of 2.0° min−1.

The particle size was determined from the broadening of XRD re-
flections by using the Scherrer formula:

=d kλ
θBcos (1)

where d is the calculated crystallite size, λ is the wavelength of X-ray
radiation, θ is the Bragg's angle, which is being fitted to calculate the
full width half maxima (FWHM), B is the FWHM value in radians in 2θ
scale, and k is a Scherrer constant.

To confirm the crystal structure of the synthesized NPs, Raman
spectra were taken with a Renishaw Raman spectroscope with an InVia
confocal Microscope using 532 nm laser having power of ~5mW. The
microstructure and morphology of the particles were studied using a
Carl Zeiss sigma VP FESEM field emission scanning electron microscopy
(SEM) equipped with a field emission gun operated at 5 kV and an
energy dispersive spectroscopy (EDS) attachment. Brunauer, Emmett,
and Teller (BET) surface area measurements were completed with a
Gemini VII 3.04 Model 2390P serial# 775 Surface Area Analyzer with
an evacuation rate of 300.0 mmHgm−1 in−1 at a saturation pressure of
768.764mmHg and nitrogen as an analysis adsorptive. PL emission and
excitation spectra were recorded using an Edinburgh Instrument FLS
980 fluorometer system having steady state xenon lamp source. On the
other hand, lifetime was measured with a pulsed microsecond xenon
lamp source having a frequency range of 1–100 Hz using time

correlated single photon counting (TCSPC) technique. A 150mm
BenFlect coated integrating sphere was employed to measure absolute
quantum yield. Using an integrating sphere, the quantitative excitation
and emission spectra in the wavelength region of 550–750 nm from the
LZOE NPs (under UV light excitation at 393 nm) were recorded.
Spectral sensitivity of the spectrometer and sphere was modified using a
calibrated lamp for spectral light throughput. Lastly, RL spectra were
acquired with a silver X-ray source tube adapted to the Edinburgh
Instruments FLS 980 fluorometer system at a power of 12W (60 kV and
200 µA).

2.3. Theoretical calculation

2.3.1. Judd-Ofelt calculations
The chemical environment effect on the luminescent properties of

Eu3+ ions can be better understood through Judd-Ofelt theory analysis
of the transition intensity parameters of the LZOE NPs. For the present
system, the index of refraction was calculated by standard Gladstone
and Dale formula as suggested by Larsen and Burman [42]. Gladstone-
Dale relation was used to calculate the refractive index of the La2Zr2O7

nanoparticle:
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where ki =Gladstone-Dale coefficient of chemical species i, (n – 1) is
refractivity, ρ is volumic mass, and p=percentage of chemical species
i.

The determination of Ωλ (λ=2, 4, 6) parameters from emission
spectra is necessary, where the magnetic dipole transition 5D0→

7F1 can
be noted as follow:
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here, kmd represents the energy of the magnetic dipole in wave-
number and h is Planck's constant, 6.626× 10–34 J·s. In addition, the
variable n depicts the refractive index of the host LZO as 1.99 and 2 J′
+1 is the degeneracy of the initial state (1 for 5D0). Furthermore, Smd is
a constant independent of the host and is equal to 9.6×10–42[43]. The
electric dipole transitions can be denoted by 5D0→

7FJ (J = 2, 4, and 6)
transitions where the radiation rate can be stated as follows [44,45]:
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In this equation, e is the electric charge, k is the transition energy of
electric dipole transitions in cm−1, Ωλ is the intensity parameter, and

′ ′ΨJ U Ψ Jλ 2 values are the squared reduced matrix elements, whose
values are 0.0032 and 0.0023 for J′ =2 and 4, respectively [46]. In all
the parameters of the equations, Gaussian units are used for ease of
calculating. Therefore, the transition intensity ratio between electronic
dipole and magnetic dipole can be written as follow:
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which can be easily simplified as follow:
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In Eq. (5), the value of ∫
∫

I k dk
I k dk

( )
( )

J

md
can be acquired from the integral

area of the emission spectra. In addition, Ωλ can be determined from the
calculated basis of the emission spectra. However, the Ω6 intensity
parameter is not included in this calculation due to the fact that
5D0→

7F6 transitions were not observed.
The internal quantum efficiency (IQE) of the 5D0 level of Eu3+ ions

in the LZOE NPs can be deduced using the emission spectra and life-
times of the former electronic transition level. We can correlate the
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lifetime (τ), radiative (AR), and nonradiative (ANR) rates through the
following equation:

= +
τ
1 AR ANR (7)

here the AR rate can be determined by adding over the radiative
rates for each 5D0→

7FJ (J = 1–4),∑= − AJ J1 4 . Therefore, the IQE of the
emitting 5D0 level is written as

∑=
+

=
= −

IQE A
A A

τ AR

R NR J J1 4 (8)

In this case, the radiative contribution can be calculated from the
relative intensities of the 5D0→

7FJ (J = 1–4) transitions. The 5D0→
7F5,6

branching ratios = ∑( )βJ
A
A
J
J

are neglected since both have poor relative

intensity compare to the 5D0→
7F1–4 transitions.

2.3.2. Density functional Theory Calculations
To determine the charge transfer level with the Eu3+ doping in LZO,

the oxygen defect formation energies of 0, +1 and +2 charge are now
calculated with Eu3+ doping in La/Zr site. For this purpose, GGA+U
methodology is adopted to model f-f interaction of Eu3+ atom. The
Hubbard U correction was introduced using the method proposed by
Dudarev et al. [47] in which the U parameter (which reflects the
strength of on-site Coulomb interactions) and the J parameter (which
adjusts the strength of exchange interactions) are combined into a
single parameter Ueff =U - J to account for the Coulomb repulsions

between localized f-electrons. The value that we employed was Ueff (Eu)
= 10.9 eV, as proposed by Richard et al. [48]

All the electronic structure calculations of ideal, oxygen defects
structures and Eu3+ doping in LZO were performed using a plane wave
based spin-polarized density functional theory (DFT) as implemented in
Vienna Ab-intio Simulation package (VASP)[49,50]. The electron-ion
interaction was described by projector augmented wave (PAW) poten-
tial [51] which includes the valence states of La (5s25p65d16s2 – 11
valence electrons), Zr (4s24p65s24d2 – 12 valence electrons), O (2s22p4

– 6 valence electrons) and Eu (5s2 5p6 4f7 6s2 – 17 valence electrons).
For the exchange-correlation potential, local gradient approximation
(LDA) and generalized gradient approximation (GGA) with Ce-
perley–Alder parameterization and Perdew-Burke-Ernzerhof (PBE)
parameterization [52], respectively, were used. A Monkhorst-Pack [53]
k-space mesh of 12× 12×12 and 6×6×6 in reciprocal space for the
Brillouin zone integration was used for 22 atoms and 88 atoms cells,
respectively. The plane wave cutoff energy (Ecut) of 500 eV for basis set
was used throughout the simulation. The optimization was carried out
to get converged values for Ecut and k-point meshes which ensure
convergence of total energy to within a precision of 0.05meV/atom for
cubic ideal and defective pyrochlore unit-cell/supercell. The cohesive
energy of LZO was optimized with respect to volume (or lattice para-
meter) and atomic positions using conjugate gradient algorithm until
the residual forces and stress in the equilibrium geometry were of the
order of 0.005 eV/Å and 0.01 GPa, respectively. The final calculations
of total electronic energy and density of states (DOS) were performed

Fig. 2. XRD patterns of (a) LZO NPs and (b) LZOE NPs. Enlarged (222) diffraction peak of the (c) LZO NPs and (d) LZOE NPs.
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using the tetrahedron method with Blöchl corrections [54].
In order to calculate DOS and defect formation energies of LZO with

oxygen defects and Eu doping, 88 atom supercell (2×2×2 supercell of
22 atoms ideal pyrochlore) was used. To study the effect of Eu doping,
one Eu atom was replaced in place of La/Zr atom in 88 atom supercell.
In addition, to generate defect structure an oxygen atom was removed
from an 88 atom supercell and defect structures were thoroughly op-
timized with respect to atomic positions as described in previous
paragraph. Therefore, defect concentration in our calculation was 1/88
or 1.136%.

We further applied the screened hybrid functional of Heyd,
Scuseria, and Ernzerhof (HSE06) functional [55] to take into account
the effects of nonlocal exchange. In these calculations, the screened
exchange functional with 25% Hartree-Fock contribution and a
screening length of 0.2/Å were used. For the HSE06 calculations a Γ-
centered 2×2×2 k-point grids for the sampling of Brillouin zone (BZ)
of 88 atom supercells were used considering computational burden of
the HSE06 calculations. The HSE06 calculations were performed using
charge density generated from the GGA calculations to get accurate
band-gap energies for the ideal LZO.

3. Results and discussion

3.1. Materials characterization

3.1.1. Powder X-ray diffraction
To synthesize LZO NPs with different sizes we have varied the pH

value of the coprecipitation solution by changing the NH4OH con-
centration. The phase purity of the LZO and LZOE samples were con-
firmed using powder XRD as shown in Fig. 2a and b, respectively. The
standard JCPDS card (No. 71-2363) of La2Zr2O7 was also presented for
comparison. It could be observed that all diffraction peaks well match
with the JCPDS file 71-2363 indicating the formation of pure LZO and
LZOE with high crystallinity.

The only change observed from the XRD data is the difference of
crystallite size (Table 1). There is a progressive decrease of crystallite
size as the coprecipitation pH is raised. This can be observed in Fig. 2c
and d wherein the (222) peak becomes broader with increasing the pH
value of the coprecipitation solution, which indicates the decrease of
crystallite size. The decrease in the crystallite size has been attributed to
the fact that higher concentration of the added NH4OH solution enables
more nuclei for the single-source precursor, so the size of the amor-
phous single-source precursor particles decreases, which eventually
gives smaller final LZO and LZOE NPs [56]. The reduction in crystallite
size with the increase of precipitation pH has also been observed in zinc
oxide and lutetium oxide NPs [57,58].

In addition, the Eu3+ ions are expected to replace the La3+ ions due
to the same valence states and similar radius values
( ==+R 1.16 ÅLa CN, 83   , ==+R 1.07 ÅEu CN, 83   ). These XRD results confirmed
that the Eu3+ ions enter substitutionally in the La2Zr2O7 host lattice,
and do not change the basic La2Zr2O7 structural network, and the re-
placing of La3+ by Eu3+ ions did not lead to a phase change.

3.1.2. Raman spectroscopy
There are two common phases of the A2B2O7 compounds, i.e. dis-

ordered fluorite and ordered pyrochlore phases. The disordered fluorite
phase exists in Fm3̅m space group wherein all the cationic ions (A3+

and B4+) are randomly distributed allowing for one active mode. On
the other hand, ordered pyrochlore phase exist in Fd3̅m space group.
Therefore, it exhibits close structural resemblance to fluorite phase
except that there are two cationic sites, three anionic sites 48f(OI), 8a
(OII), and 8b(OIII), and 1/8th of the oxygen ions (OIII) at 8b site absent
in the pyrochlore structure allowing for 6 active modes [59–61]. Based
on the group theory, the defect fluorite structure has one vibrational
mode due to T2 g, while a pyrochlore phase has six vibrational modes in
the range of 200–1000 cm−1. This information is vital for the correct
phase identification of the LZO and LZOE NPs. Raman spectra indicate
that they have a typical ideal pyrochlore structure with characteristics 6
vibrational modes [5,25,62] (Fig. 3a and b). The insets in these figures
represent the LZO and LZOE NPs prepared with the highest NH4OH
concentration. All the peaks corresponding to pyrochlore phase were
fitted with a Gaussian function to express their location and number of
peaks. In addition, there is no change after Eu3+ doping, nor obvious
change as a function of the coprecipitation pH. However, the Raman
peaks narrow down with increasing coprecipitation pH, which indicates
an increase of structural ordering, and the LZOE-S7.5 NPs have the most
ordered structure among all of the samples.

3.1.3. Scanning electron microscopy
To investigate the effect of precipitating pH on the microstructure of

the LZOE NPs, SEM measurements were carried out (Fig. 4a–e). It can
be seen that the LZOE NPs have regular shape and uniform size dis-
tribution. The size of individual particles is about 10–40 nm, and the
shape and size of the NPs are nearly unchanged as a function of the used
precipitation pH. The SEM images display certain degree of soft ag-
glomeration, which formed during the SEM sample drying process.
Particle size distribution histograms were obtained using the ImageJ
software. The size of these nanoparticles decreases with the increasing
precipitation pH value. This is in agreement with the calculated crys-
tallite size from our XRD data using the Debye-Scherrer equation. The
importance of synthesizing nanoparticles comes from many benefits
available from them when compared to their bulk counterparts, which
include superior mechanical strength, thermal stability, catalytic ac-
tivity, electrical conductivity, magnetic properties, and optical prop-
erties. In addition, nanophosphors can be easily used for bioimaging,
drug delivery, making composite with film and fibers for optoelec-
tronics, and superior scintillation efficiency, etc.

To confirm Eu3+ doping into the LZO NPs, EDS spectra on the LZOE
NPs (Fig. 4f) have been carried out. The distinct X-ray absorption edge
binding energies of La, Zr, O and Eu in the EDS spectra confirm the high
purity of the synthesized NPs. The EDS analysis clearly indicated the
presence of europium ion in the La2Zr2O7 NPs. The C and Al peaks arise
from the use of carbon tape and aluminum sample holder.

3.1.4. Surface area measurement
Nanoparticles are very rich in surface defects that have profound

influence on their performance as phosphors as well as scintillators. To
see the changes in defect density as a function of pH we have carried
out Brunauer, Emmett, and Teller (BET) surface area measurement. BET
N2 adsorption isothermal measurements were performed to measure
the specific surface area of the LZOE NPs (Fig. 5a). The BET adsorption
relation is given by Eq. (9) below:

⎜ ⎟

⎡⎣
− ⎤⎦

= − ⎛
⎝

⎞
⎠
+

( )Q

C
Q C

P
P Q C

1

1

1 1
P
P

m m00
(9)

where P and P0 are the equilibrium and saturation pressures, respec-
tively, Q is the amount of the nitrogen gas adsorbed on the adsorbate,
Qm is the monolayer adsorbed gas quantity, and C is the BET constant. A

Table 1
Crystallite size calculated by the Debye-Scherrer equation of the LZO and LZOE
NPs.

NH4OH(aq) Concentration pH Crystallite size (nm)

LZO LZOE

0.75% 11.7 22.70+ /- 0.751 24.70+ /- 0.630
1.5% 12.1 20.91+ /- 0.781 22.87+ /- 0.655
3.0% 12.2 18.48+ /- 0.832 19.58+ /- 0.708
6.0% 12.4 16.55+ /- 0.879 18.57+ /- 0.727
7.5% 12.5 12.41+ /- 1.015 15.88+ /- 0.786
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BET adsorption isotherm plots of
−( )Q

1

[ 1]P
P
0

vs. ( )PP0 based on Eq. (9)

(Fig. 5b) give the calculated BET surface area values (Table 2). From
this table, BET surface area increases progressively as the used pre-
cipitation pH value increased from 11.7 to 12.5 or on going from
samples S0.75 to S7.5. This is in a good agreement with the XRD and
SEM data discussed earlier.

3.2. DFT study on LZO NPs

3.2.1. Correlating observed photoluminescence of La2Zr2O7 with DFT
calculations

Table 3 shows our DFT calculated equilibrium lattice parameters,
internal parameters, bond lengths and electronic band-gaps using LDA
and GGA approximations compared with those from previous experi-
ments and first-principles calculation. Compared to the experimental
data, our GGA and LDA calculated values are overestimated and un-
derestimated, respectively. However, our calculated lattice parameters

match with the experimental values within 1.5% difference, and the
GGA approximation gives the closest value relative to the experimental
data. Both LDA and GGA calculated internal parameters and bond-
lengths match within 5% variation to the experimental values.

The LZO NPs displayed a very broad excitation band at around
306 nm and a small peak at 380 nm (Fig. 6a). The intense excitation
band at 306 nm is attributed to intrinsic electronic transition within the
ZrO6 polyhedra. The small peak around 380 nm may be due to some
structural defects, e.g. cation/anion vacancies or ZrO6 distortion. The
emission spectrum (Fig. 6b) under 306 nm excitation displayed a dual
band feature with violet-blue and red emissions around 400 and
700 nm, respectively. Considering the large band gap of La2Zr2O7, the
emission around 400 nm (violet-blue) is not due to exciton emission.
However, it is in close resemblance with the oxygen vacancy related
emission in ZrO2, which is attributed to the 2T1 u → 2A1 g transitions of
F+ center around the octahedral Zr atom [65]. The red emission band
around 707 nm band can be assign to the transition of electron trapped
at the shallow states to the vacant deep states due to singly charged

Fig. 3. Raman spectra of (a) the LZO and (b) LZOE NPs.

Fig. 4. SEM images of the LZOE NPs prepared from the precursors precipitated at different NH4OH concentrations: (a) LZOE-S0.75, (b) LZOE-S1.5, (c) LZOE-S3, (d)
LZOE-S6, and (e) LZOE-S7.5. (f) EDS spectra of the LZOE NPs.
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paramagnetic VO
+. Previously oxygen vacancy induced emissions in

blue and green regions have been observed from Gd2Zr2O7 and
Nd2Zr2O7 [1,66]. PL decay curve clearly shows oxygen defect mediated
PL emission properties in the samples. Based on the relationships of the
emission and excitation intensities with the coprecipitation pH, the
LZO-S0.75 sample displayed the best performance. This can be attrib-
uted to the least surface defects due to the large size of the LZO-S0.75
NPs.

Fig. 7 shows the emission profiles of the La2Zr2O7 NPs annealed in
oxygen and hydrogen atmosphere and compared to that of the as-syn-
thesized LZO- NPs. It is interesting to observe that the intensity of blue/
red emission decreases after annealed in oxygen atmosphere while it
enhances after annealed in argon/H2 atmosphere compare to that of the
original NPs synthesized in air. O2 molecules presented in oxygen en-
vironment could combine with oxygen vacancies presented in the ori-
ginal LZO NPs during the annealing process, so the emission intensity
decreases. On the other hand, in the presence of the reducing atmo-
sphere of argon/H2, more oxygen vacancies are involved compare to
the as-synthesized NPs, therefore the emission intensity of the LZO NPs
is enhanced.

3.2.2. Defect formation energies
The defect formation energy is given by

∑= − − + +E E E n μ q μ dEf
q

defect
q

perfect
α

α α i e
(10)

where Eqdefect and Eperfect are the DFT(GGA) total energies of the system
with and without the defect, respectively, nα is the number of atoms
added/removed, μα is the chemical potential of the species α that is
added/removed, qi is the effective charge on the defect and

= +μ E ε .e VBM F (11)

EVBM is the energy of the valence band maximum (VBM) and εF is
the electron chemical potential above the VBM. dE is a correction used
to mitigate the interactions of the defect charges with their periodic
images. Here we employ a Madelung correction as proposed by Leslie
and Gillan [67] employing the experimental dielectric constant of 22.8
[68].

To see how the defect formation energies of oxygen vacancies in the
dilute limit varies as a function of Fermi energy, we summarized DFT
calculated formation energies in Fig. 8 (left panel). The calculated va-
cancy formation energy values indicate that the formation of VO

+2

defects is favored in the 0–1.4 eV (in EF-EV scale) near the valence band
compared to VO

+1 and VO° oxygen defects, indicating that oxygen va-
cancies tend to donate electrons or behave as a n-type defect. Similarly,
the formation of VO

+1 defect is favored in the 1.4–5.2 eV (in EF-EV
scale) and afterwards formation of VO° is favorable. The DFT-GGA and
HSE06 calculated electronic band-gap of LZO is 3.68 eV and ~5 eV,
respectively. We are unable to compare band-gap values as no experi-
mental band-gap is reported in the literature.

Fig. 8 (right panel) shows that the defect exhibits two charge-state
transition levels: one deep donor level ε(+2/+1) at 1.4 eV and another
deep donor level ε(+1/0) at 5.2 eV (left panel). In this case, the im-
purity levels are defined as the charge-state transition levels (ε(q1/q2),
from q1 to q2), i.e. the Fermi level locations at which two charge states
of the defect have the same formation energy. The obtained impurity
levels are shown in a conventional band diagram with respect to the
host referred binding energies (HRBE). The charge-state transition level

Fig. 5. (a) N2 adsorption isotherm and (b) the fitting curve of the BET surface area of the LZOE NPs.

Table 2
BET surface area and QY of the LZOE NPs.

Samples BET surface area (m2/g)

LZOE-S0.75 16.4990+ /- 0.0606
LZOE-S1.5 19.6825+ /- 0.0897
LZOE-S3 22.8693+ /- 0.1023
LZOE-S6 37.2061+ /- 0.4108
LZOE-S7.5 45.0669+ /- 0.1656

Table 3
GGA and LDA calculated equilibrium lattice parameters, atomic positions, bond-lengths and band-gap along with previous experimental measurements and HSE06
calculated electronic band-gap.

La2Zr2O7 a0 (Å) x La-O8b (Å) La-O48 f (Å) Zr-O48 f (Å) Band-gap (eV)

GGA 10.888 0.333 2.36 2.65 2.13 3.68
LDA 10.692 0.335 2.31 2.59 2.10 3.51
HSE06 – – – – – 4.93
Experimental 10.805 [62] 0.332 [62] 2.339 [62] 2.635 [62] 2.105 [62] –

10.800 [63] 0.333 [63] 2.340 [63] 2.640 [63] 2.100 [63]
DFT-LDA 10.720 [64] 0.331 [64] 2.320 [64] 2.620 [64] 2.090 [64]
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situated at 1.4 eV and ~5 eV can be attributed to the defect related
emission at 700 and 400 nm.

3.3. PL spectra of the LZOE NPs

3.3.1. Excitation and emission properties
Fig. 9a shows the excitation spectra of the LZOE NPs monitored at

612 nm, which corresponds to the 5D0→
7F2 transition. The spectra

consist of a broad band in the region of 240–300 nm and several narrow
peaks in the range of 350–500 nm. The broad band is known as charge
transfer state (CTS) and has combined contribution from various elec-
tronic transitions of O→Eu, O→Hf and Hf→Eu while the dominant one
is the O→Eu transition. The excitation peaks around 361, 378, 393, 412
and 465 nm are attributed to intra f-f transitions of Eu3+ ions due to
7F0→5D4, 7F0→5L7,8; 7F0→5L6, 7F0→5D3 and 7F0→5D2, respectively.
The PL excitation intensity gradually decreases with the precipitation
pH employed increases.

The LZOE NPs show very bright red luminescence when excited at
276 nm with a UV lamp (Fig. 9b) with similar spectral profiles, which
are attributed to Eu3+ transitions from the excited 5D0 state to 7FJ (J =
0, 1, 2, 3 and 4) states. The dominant peaks are located at 579, 592,
613, 654, and 710 nm, corresponding to 5D0→

7F0, 5D0→
7F1, 5D0→

7F2,
5D0→

7F3, and 5D0→
7F4 transitions of Eu3+ ions, respectively. The in-

tensity of 5D0→
7F0 transition is the weakest one because it is forbidden

by electric dipole transition (EDT) and magnetic dipole transition
(MDT). The most intense transition (5D0→

7F2) is at 612 nm as the hy-
persensitive EDT. It is strongly affected by external factors like crystal

Fig. 6. (a) Excitation and (b) emission spectra of the LZO NPs.

Fig. 7. Emission spectra of the LZO NPs (LZO-S0.75) annealed in reducing and
oxidizing atmospheres and comparison with that from the original LZO NPs.

Fig. 8. GGA calculated defect formation energy (Ef) versus
Fermi level (EF) for three charge states q =0, + 1 and
+2. The defect exhibits two charge-state transition levels:
a deep donor level ε(+2/+1) at 1.4 eV and another deep
donor level ε(+1/0) at 5.2 eV (left panel). The obtained
impurity levels are shown in a conventional band diagram
with respect to the host referred binding energies (HRBE)
(right panel).
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field, local symmetry, dopant concentration, and thermal effects, etc.
On the other hand, the intensity of the 5D0→

7F1 MDT is considerably
low. This suggested that Eu3+ ions are localized in non-centrosym-
metric sites in La2Zr2O7 host, which is in close agreement with the
crystal structure data (Fig. 3). This is further confirmed by high
asymmetry ratio (5D0→

7F2)/(5D0→
7F1) of 3.4–4.7 (Table 4) as an in-

dication of high level of structural distortion from the inversion sym-
metry around the local environment of Eu3+ ions in the LZO lattice.
From our Raman spectroscopic analysis, we have found that LZOE
stabilizes in ideal pyrochlore structure (IPS). In IPS, a cation exists in
highly distorted 8-fold coordinated scalenohedra whereas B-ion exist in
highly symmetric octahedral in 6-fold coordination. In the LZOE NPs,

Fig. 9. (a) Excitation and (b) emission spectra of the LZOE NPs, (c) the relationship of PL emission intensity and the coprecipitation pH. (d) Proposed mechanism for
energy transfer upon excitation from the LZO host to Eu3+ ions. (e) Digital images of the red LZOE NP phosphors under the excitation of a 393 nm lamp in the
daylight. (f) RL spectra of the LZOE NPs.

Table 4
Asymmetry ratio and QY of the LZOE NPs.

Samples Asymmetry ratio Quantum yield (%)

LZOE-S0.75 4.05 10.34
LZOE-S1.5 3.67 10.01
LZOE-S3 3.46 9.88
LZOE-S6 4.67 8.62
LZOE-S7.5 3.68 9.74
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LaO8 is highly distorted scalenohedra whereas ZrO6 is an ideal octa-
hedra with high level of symmetry. Eu3+ dopants are more likely to
substitute La3+ due to closeness in ionic radius and the same ionic
charge.

The PL emission intensity progressively decreases as the precipita-
tion pH for the complex single-source precursor increases up to the
LZOE-S6 NPs (Fig. 9c). The initial PL intensity decrease is correlated
with the increasing number of surface defects (Table 2) as the source of
non-radiative pathways. For commercial application of phosphors, their
quantum yields are one of the most important parameters that need to
be determined. The quantum yield of the LZOE NPs (Table 4) follows
the same trend with the emission output for the same reason. The LZO
NPs display multicolor emissions due to the presence of oxygen va-
cancies (Fig. 5). However, these oxygen vacancy-based emissions are
absent, indicating complete photon energy transfer to Eu3+ ions in the
LZOE NPs. Such host sensitized energy transfer is very important in
realizing tunable phosphors. Accordingly, we have proposed the LZO
host to Eu3+ energy transfer mechanism (Fig. 9d). To visualize the
Eu3+ luminescent reduction on increasing the pH, digital images of the
as-prepared red phosphors under the NUV light excitation at 393 nm
have been shown in Fig. 9e. Evidently, the decrease of luminescence
intensity from Eu3+ in LZOE NPs as the concentration of NH4OH was
increased from LZOE-S0.75 to LZOE-S7.5. To wash off the molten salt
used in the synthesis from the surface of the formed nanoparticles, the
as-synthesized samples were placed in distilled water and washed
several times. The nanoparticle samples as stable metal oxides are not
soluble in water. The digital photos (Fig. 9e) were taken while the
nanoparticles were in the washing stage.

3.3.2. RL
The RL emission spectra of the LZOE NPs under X-ray excitation

(Fig. 9f) is quite similar to their PL emission spectra (Fig. 9b) with ty-
pical emission lines of Eu3+ 4f–4f transitions in the red spectral region.
No host-related emission in violet-blue spectral region was observed.
The highest emission intensity was obtained from the LZOE-S0.75 NPs
owing to the lowest surface defect density. It is worth noting that the
absolute emission intensity of phosphors in powder form is rather
sensitive to experimental arrangement, so the measured RL intensity
cannot be the sole indicator of quenching. Unlike PL, the RL intensities
of 5D0–7F3 and 5D0–7F4 transitions are even weaker. Similar to PL, the
most intense RL transitions are 5D0→

7F1 MDT and 5D0→
7F2 EDT.

3.3.3. PL lifetime
Fig. 10a shows the luminescence decay curves of the LZOE NPs

when excited at 393 nm and emission monitored at 613 nm. The decay
curves show a biexponential behavior with a noticeable double slope
fitting. This suggests that there are two kinds of local environments of
Eu3+ ions with two depopulation mechanisms from 5D0 level. This
phenomenon could be attributed to the stabilization of Eu3+ ions at
highly asymmetric LaO8 site and at perfectly ordered ZrO6 site. The
Eu3+@La3+ and Eu3+@Zr4+ doping decay at different rates although
the fraction of the Eu3+@La3+ doping is more than that of the Eu3+@
Zr4+ doping. The individual and average lifetime values of the LZOE
NPs are presented in Table 5. The long lifetime is attributed to Eu3+@
Zr4+ with symmetric environment and forbidden f-f transitions. On the
other hand, the short lifetime is attributed to Eu3+@La3+ with asym-
metric environment and allowed f-f transitions. Europium ions exhibit
biexponential decays in other pyrochlores such as La2Hf2O7, Gd2Zr2O7,
and Nd2Zr2O7 wherein one of the lifetimes is attributed to rare earth A
site occupancy and other to Hf/Zr site [2,3,69–73]. Normally the short
lifetime is attributed to asymmetric environment as f-f transition be-
comes relaxed and the long lifetime is mostly attributed to symmetric
environment as f-f transition is La-Porte forbidden [71,74–77]. The
variation trend of the lifetime values as a function of the precipitating
NH4OH concentration (Fig. 10b) is slightly different from that of
emission intensity (Fig. 9c). It initially increases, then decreases, and
then increases again with the increasing precipitating NH4OH con-
centration. As shown in Table 2, the BET surface area monotonically
increases as the precipitation pH increases, which is attributed to the
reduction in particle size of the LZOE NPs as a function of the pre-
cipitation pH. Surface area of NPs drastically influences the PL intensity
that is present in the case of NPs [1] because the abundant surface
defects, which is directly proportional to the surface area, provide non-

Fig. 10. (a) Luminescence decay profile of 5D0 level of Eu3+ ions in the LZOE NPs under λex = 276 nm and λem =613 nm. (b) Variations of the lifetime value of the
LZOE NPs as a function of the precipitating NH4OH concentration.

Table 5
Luminescence lifetime values of the LZOE NPs.

Sample λex = 276 nm Average lifetime

τs (ms) τL (ms)

LZOE-S0.75 0.88 2.30 1.61
LZOE-S1.5 0.96 2.34 1.81
LZOE-S3 1.00 2.60 2.07
LZOE-S6 0.75 2.14 1.46
LZOE-S7.5 1.00 2.47 2.01
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radiative pathways to quench fluorescence [2]. The larger the surface
area, the large portion of Eu3+ ions located on or near the surface of the
NPs which enhances the non-radiative probability. When these ions on
the surface of NPs could be captured or reduced, their radiative tran-
sition probability will be increased. Furthermore, the effect of reduced
agglomeration overpowers increased surface defect, therefore initial
enhancement may be due to reduction in NPs aggregation as pH is in-
creased. Aggregated particles scatter light and thus affect excited state
population and the lifetime [78]. The LZOE-S3 sample displayed op-
timum crystalline feature in terms of defect and aggregation. Beyond
that defect predominates and surface defect induced quenching takes
place.

3.3.4. J-O analysis
Based on the J-O analysis, various photophysical parameters of the

LZOE NPs are listed in Table 6. The phenomenon that non-radiative
transition rate increases up to the LZOE-S6 NPs indicates the role of
surface defect in fluorescence quenching at higher precipitation pH.
The radiative transition rate is in line with QY and emission output as
discussed above. The two most important J-O parameters (Ω2 and Ω4)
give information about the nature of metal-oxygen bonding, local en-
vironment and polarizability. The fact that Ω2> Ω4 from the LZOE NPs
is an indication of the covalent character of interaction between the
Eu3+ ions and the surrounding ligands [79]. Furthermore, the Ω2 value
increases progressively until the LZOE-S6 NPs, implying an increase of
the extent of asymmetry around Eu3+ ions. The maximum asymmetric
environment exists for the LZOE-S6 NPs, which is in line with asym-
metry ratio calculated from emission spectra (Table 6). The internal
quantum efficiency is also in agreement with the experimentally

calculated values, which are well supported by the trend of the non-
raditive transition probability. The branching ratio (βs) indicating the
maximum contribution to emission is β2 for all LZOE NPs, which
complement the intense red emission due to 5D0→

7F2 transition.
There is a limitation in Judd-Ofelt analysis of europium doped

phosphor as we have used an average rarefactive index value. One
should note that the values of quantum efficiency are slightly under-
estimated, since calculation does not account for 5D0→

7F3,5,6 emissions
[80]. However, the trend of quantum efficiency change with the used
pH for the synthesis of the La2Zr2O7 nanoparticles is unaffected by this
deficiency. Also, refraction index is wavelength dependent physical
property, so taking the constant value into calculation introduces error
into results. However, the error is small since the refractive index
changes are small over the wavelength region of interest [81]. These
simplifications are justified for the sake of comparison of J-O para-
meters and emission parameters among samples since the small errors
cannot change the observed trends. It is acknowledged that Judd-Ofelt
theory estimates transition probabilities with accuracy generally not
worse than 10% [82].

Thermal quenching is an important property of rare earth doped
phosphors. The activation energy of La2Zr2O7:0.05Eu3+ phosphors was
already reported by Min et al. [83] The activation energy was calcu-
lated to be 0.16 eV, indicating its outstanding thermal stability as a red
emitting phosphor for WLEDs. On the other hand, for La2Hf2O7:Eu3+

the activation energy was found to be 0.41 eV for thermal quenching
[3], which is higher than the LZOE phosphors.

Table 6
Radiative/non-radiative transition rate, internal quantum efficiency, J-O parameters and branching rations of the LZOE NPs.

Samples AR (s−1) ANR (s−1) η (%) Ω2 (*10–20) Ω4 (*10–20) β1 (%) β2 (%) β3 (%)

LZOE-S0.75 384 237.5 61.8 2.83 1.53 13.0 56.8 15.1
LZOE-S1.5 354 267.4 54.1 2.86 1.57 14.9 65.5 17.7
LZOE-S3 336 284.9 47.4 2.41 1.39 17.0 63.0 17.9
LZOE-S6 294 326.8 53.5 3.12 1.51 14.1 67.9 16.2
LZOE-S7.5 333 288.2 56.9 2.83 1.55 15.0 65.4 17.7

Fig. 11. GGA+U calculated oxygen defect formation en-
ergy (V+q

O ) versus Fermi level (EF) for three charge states:
q = 0, +1 and +2 in Eu-doped LZO at La site (EuLa) and
Zr site (EuZr) (left panel). The defects exhibit one deep
donor level ε(+1/0) at 1.1 eV for EuLa and another deep
donor level ε(+1/0) at 6.2 eV for EuLa (left panel). The
obtained impurity levels are shown in a conventional band
diagram with respect to the host referred binding energies
(HRBE) (right panel).
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3.4. Defect formation energies of LZOE with oxygen vacancy

To understand the observed luminescence properties of Eu3+ ions in
the LZOE NPs, the cohesive energies of LZOE were calculated for Eu
doping at La site and Zr site separately. To see how the defect formation
energies of oxygen vacancies in LZO in the presence of Eu3+ doping in
the dilute limit varies as a function of Fermi energy, we summarized the
DFT calculated formation energies in Fig. 11 (left panel). The calculated
vacancy formation energy values indicate that in the case of Eu3+

doping at La site, the formation of VO
+1 defect is favored at the

0–1.1 eV range (in EF-EV scale) near the valence band compared to
VO

+2 and VO
0 oxygen defects, indicating that oxygen vacancies have a

tendency to donate electrons. Similarly, the formation of VO
0 defects

are favored in the 1.1–6 eV range (in EF-EV scale). On the contrary, the
formation of VO

+1 defect is favorable throughout the energy range in
the case of Eu doping at Zr site. Fig. 11 (right panel) shows that the
defect exhibits two charge-state transition levels: a deep donor level
ε(+1/0) at 1.1 eV (for Eu@La case) and another deep donor level
ε(+1/0) at 6.2 eV (for Eu@Zr case). At this transition level, no emission
spectra were found and hence we could not correlate it with the ex-
perimental data. This deficiency could be attributed to the band-gap
prediction error using GGA/GGA+U.

Fig. 12 shows the contour plots of valence charge density distribu-
tion on the atomic layer containing O vacancy and Eu atom (doped at
La site). It is evident from the figure that the valence charge density is
localized at the oxygen vacancy site and not at the Eu3+ dopant site.

4. Conclusion

In this work, we successfully synthesized undoped and europium
doped La2Zr2O7 NPs at 650 °C using MSS. Interestingly, on UV irra-
diation, the undoped LZO NPs displayed blue and red emissions which
was assigned to presence of oxygen vacancies in their band gap. In
surge to make NPs with different sizes without subjecting them to high
temperatures or long annealing time, coprecipitated precursors were
prepared by changing the concentration of NH4OH prior to the MSS
step. It was observed that as the pH of the coprecipitation step was
raised, the particle size of the LZO and LZOE NPs decreased. In addi-
tion, we observed a decrease in photoluminescence intensity, QY and
RL with increasing coprecipitating pH due to the increase of surface

defects. On doping europim ion, a complete transfer of energy from LZO
host to Eu3+ dopant was observed, leading to efficient red emission in
the LZOE NPs. The emission intensity progressively decreases as the pH
increases up to LZOE-S6, after that there is a slight increase.
Furthermore, Judd-Ofelt analysis indicated an increase in extent of
asymmetry around europium ion. The maximum asymmetric environ-
ment was found for LZOE-S6. Lastly, DFT calculations showed that
oxygen vacancies are responsible for violet-blue and red emissions in
LZO NPs.
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