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Abstract

Series of Bi;\EuyOX (X = F and Br; x = 0, 0.01, 0.03 and 0.05) phosphors were
synthesized at relatively low temperature and shorter duration (500 °C, 1 h). Rietveld refinement
results verified that all the compounds were crystallized in the tetragonal structure with space
group P4 /nmm (No. 129). Photoluminescence spectra exhibit characteristic luminescence "Dy —
R, (J = 0-4) intra-4f shell Eu’* ion transitions. The magnetic dipole (5D0 — 7F1) transition
dominates the emission of BiOF: Eu3+, while the electric dipole (5 Dy— 7F2) peak was stronger in
BiOBr: Eu** phosphors. The evaluated CIE color coordinates for BiggsEugosOBr (0.632, 0.358)
is close to the commercial Y203:Eu3+ (0.645, 0.347) and Y,0,S: Eu (0.647, 0.343) red
phosphors. Intensity parameters (€2,, £24) and various radiative properties such as transition rates
(A), branching ratios (), stimulated emission cross-section (o), gain bandwidth (o, x Alesr) and
optical gain (o x t) were calculated using the Judd-Ofelt theory. It was observed that BiOBr:
Eu’* phosphors have a long lifetime (t) and better optical gain (o, x ) as compared to reported
Eu’* doped materials. Further, these compounds exhibit excellent photocatalytic activity for the
degradation of rhodamine B dye under visible light irradiation. The determined radiative
properties and photocatalytic results revealed that BiOBr: Eu’* phosphors have the potential
applications in energy and environmental remedies, such as to develop red phosphors for white

light-emitting diodes, red lasers and to remove toxic organic industrial effluents .

Keywords: BiOF; BiOBr; Phosphors; Judd-Ofelt analysis; Photocatalytic activity.
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1. Introduction

Rare earth activated phosphor materials have been attracting much attention based on
their applications in various fields, such as plasma display panels, mercury free lamps, white
light-emitting diodes (WLEDs) and cathode ray tubes.' Among them, WLEDs have been
considered as one of the most promising technologies in the solid state lighting industry due to
their high efficiency, compactness, long operational lifetime, better color quality, low energy
consumption and lack of toxic mercury." WLEDs have high promise to replace traditional
incandescent and fluorescent lamps as a next generation general lighting.” Rare-earth activated

phosphor materials for LEDs have gained interest due to their characteristic sharp transitions
arising from inner 4f orbitals.® Especially, the red emitting trivalent Eu®*-activated phosphors

have significant importance because of their potential application in color display and lighting
technologies. This was because the lowest excited level (°Dg) of the 4f° configuration in Eu®*
was situated below the 4f°5d configuration. Trivalent europium ions exhibited narrow band
emissions, long lifetimes and large Stokes shifts (emission of lower energy radiation upon

excitation by higher energy radiation).”

Various inorganic phosphors have been reported, including molybdates,’ silicates,®

9 0 1 2

phosphates, tungstates,1 aluminates,1 nitrides'? and sulfides'’. These materials are either
chemically unstable, expensive or have low fluorescent lifetime. Therefore, in order to improve
the performances of red phosphors in white LEDs, it is urgent to seek alternative red phosphors
with long lifetime, high chemical stability and better quality. Bismuth oxyhalides are interesting
luminescent materials due to their unique layered structures and high chemical stability.® The
efficient energy transfer from the host matrix to the localized states of lanthanide ions also

benefits the luminescence property. Moreover, bismuth oxyhalides have been found to exhibit

3
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various  applications in  photocatalysis, = pharmaceuticals, Dbattery cathodes and

photoelectrochemical devices.'*"

Bismuth oxyhalides have been widely used in photocatalytic applications due to their
strong intralayer bonding and weak interlayer van der Waals interaction. The layered structure
can provide the space large enough to polarize the related atoms and orbitals. The induced dipole
between these layers assists in the effective separation of photogenerated electron—hole pairs.
Many studies have been reported on the degradation of organic dyes under UV and visible light
irradiation.'®* However, bismuth oxyhalides with good photocatalytic efficiency under visible
light irradiation are less reported. Further, several methods have been employed for the synthesis
of bismuth oxyhalides, namely microwave irradiation,” sol-gel,'’ hydrolysis,'® hydrothermal,”
solvothermal,22 solution oxidation?* and sonochemical® methods. All these synthesis methods
involve several problems, such as high pressure, less yield, lack of composition control,
requirement of solvents, long reaction time and capping agent. The solid state method offer

several advantages over other conventional methods such as mass scale production, higher purity

of products, better compositional control and solvent/surfactant free process.

To our knowledge, the spectroscopic properties of Eu™*-activated bismuth oxyfluoride
and oxybromide are rarely reported. Therefore, in this paper, we report series of Eu’*-activated
BiOF and BiOBr phosphors which can meet the requirements of red phosphors in WLEDs as
well as useful in environmental sustainability applications. The crystallographic structural
parameters, functional groups and morphology were analyzed by powder X-ray diffraction
(XRD), Fourier transform infrared (FTIR) spectroscopy and Scanning electron microscopy
(SEM), respectively. UV-Visible and photoluminescence (PL) properties were investigated.

Judd-Ofelt theory was applied to calculate the intensity parameters and various other radiative
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properties such as radiative transition rates, branching and asymmetry ratios, stimulated emission
cross-section, gain bandwidth and optical gain. In addition, these compounds were used as

photocatalysts for the degradation of rhodamine B (RhB) dye under visible light irradiation.
2. Experimental Section
2.1. Synthesis

Bi; xEuyOX (X = F and Br; x = 0, 0.01, 0.03 and 0.05) compounds were synthesized by
the conventional solid state method. For the synthesis of host BiOF, Bi,O3 (1.1649 g) and NH4F
(0.2223 g, 20% excess) were used as the raw materials and were ground finely in an agate mortar
with pestle. This mixed powder was transferred into porcelain crucible and calcined at 400 °C for
1 h (ambient atmosphere) and cooled down to room temperature. Further, Eu®*-activated BiOF
compounds were prepared by taking an appropriate amount of Eu,Os as the starting material.
Similarly, the series of Bi;\EuyOBr compounds were synthesized by choosing NH4Br in place of
NH4F as a starting material and calcined at 500 °C for 1 h. The equation for the formation of

Bi; xEuyOX compounds is represented by the following reaction:
(1—X) Bi203 + X EUZO3 +2 NH4X — 2 Bil_XEuXOX +2 NH; + Hzo (1)
2.2. Characterization

Powder X-ray diffraction patterns were measured by using PANalytical X’Pert Pro
Powder diffractometer with Cu Ka radiation (A = 1.5418 A) source and a nickel filter. Rietveld
refinement data were collected at a scan rate of 1°/ min with a 0.02° step size for 20 from 10° to
80°. Structural parameters were estimated by Rietveld refinement method using FullProf Suite-

2000 program. Surface morphology and composition analysis of these compounds were
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investigated using SEM (FEI Quanta 200). FTIR spectra were recorded using Perkin Elmer
Spectrometer, Frontier using KBr as a reference. UV—Visible absorption spectra have been
recorded for powders on Perkin Elmer Lambda 750 spectrophotometer. TGA analysis was
performed using Mettler-Toledo system in the presence of N, as a carrier gas upto 900 °C.
Photoluminescence studies have been carried out using a JobinYvon spectrofluorometer
(Fluorolog-3, Horiba) equipped with a 450 W xenon lamp as the excitation source. The
photoluminescence (PL) decay lifetime measurements were performed at low temperature (77 K)
with a Perkin Elmer spectrofluorimeter. The photocatalytic activity of rhodamine B dye solution
was analyzed by Perkin Elmer UV-Visible spectrophotometer (Lambda 35) in the range from

200 to 800 nm periodically. All the measurements were performed at room temperature.
2.3. Measurement of photocatalytic activity

The photocatalytic activities of Bi;\EusOX compounds were measured by examining the
degradation of RhB dye under visible-light irradiation (A > 420 nm). A 500 W metal halide lamp
held at 15 cm from the sample was used as the visible-light source. In each experiment, 50 mg
of photocatalysts was added into 50 ml of RhB solution with a concentration of 1 x 107> M. Prior
to Visible illumination, the suspensions were magnetically stirred in the dark for 30 min to
ensure an adsorption-desorption equilibrium. Then, the stable aqueous dye solution was exposed
to visible light. During the photoreaction, about 3 ml of suspension was collected at different
time intervals and centrifuged to remove the catalyst. The transparent solution was analyzed
using a UV—Vis spectrophotometer, and the absorbance was measured at a wavelength of 554
nm, which corresponds to the maximum absorption wavelength of RhB. The degradation

efficiency of RhB was calculated using the following expression,
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c,-C

RhB degradation (%) = x 100 (2)

0
where Cj is the initial concentration at 0 min and C is the concentration at time t.
3. Results and discussion
3.1. Powder X-ray diffraction

Phase purity of Bi; xEusOX compounds were identified by powder X-ray diffraction. Fig.
I(a) and (b) shows the indexed XRD patterns of Bi; \EusOF and Bi; \EuyOBr compounds,
respectively. The strong diffraction peaks revealed the crystalline nature of the samples. The
observed diffraction peaks of Eu’* activated BiOF and BiOBr compounds match well with the
reported JCPDS Card No. 86-1648 and 85-0862, respectively. No traces of additional peaks
were observed in the XRD patterns, which confirmed that the Eu®* ions have been uniformly
incorporated into the host lattice of BiOX. This implies that the powders obtained by solid state
reaction were single phase materials. The structural parameters were refined by the Rietveld
method using powder XRD data. The patterns were typically refined for lattice parameters, scale
factor, backgrounds, pseudo-Voigt profile function (u, v and w), atomic coordinates and
isothermal temperature factors (Bis,). The refinement results confirmed that all the compounds
were crystallized in the tetragonal phase with space group P4/nmm (No. 129). The observed,
calculated and the difference XRD patterns of Bi;<EuyOX compounds are shown in Fig. 2. The
difference between XRD pattern profiles experimentally observed and calculated data display
near to zero in the intensity scale as illustrated by a line (Yobs - Ycae). The refined structural
parameters for Bi; \EuyOX (X = F and Br) compounds are summarized in Table 1 and Table 2. It

was observed that the lattice parameters and cell volumes increase with increasing ionic radii of
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X (X = F (rF = 1.33 A) and Br (rg = 1.96 A)) in BiOX. Further, there was no appreciable
change in these parameters upto 5 mol% substitution of Eu** ion in both compounds. This was

due to the substitution of smaller Eu** ion (rg,°" = 1.066 A) to larger Bi** ion (rg;°" = 1.17 A).

The crystal structure of BiOF was modeled using Rietveld refined structural parameters
by VESTA program (Fig. S1). In the BiOF structure, the Bi** atom was coordinated to a square
antiprism with four O atoms in one base and four F atoms in another base. The BiOF layers were
stacked over one another by the nonbonding van der Waals interaction through fluoride atoms
along the c-axis. The crystal structure of the BiOF and BiOBr matrices were same, but the
interplanar lattice spacings were different. The distance between two bismuth ions in adjacent
BiOX (X = F and Br) layers was found to be 3.63 and 5.57 A for BiOF and BiOBr crystals,

respectively.
3.2. SEM analysis

Fig. 3 shows the surface morphology of Bi;(EusOX compounds obtained by solid state
method. For BiOF and BiggsEuposOF compounds, the micrographs revealed agglomerated
granules with an average diameter in the range of 0.349 to 0.689 um (Fig. 3(a) and (b)). Fig. 3(c)
and (d) shows SEM images of BiOBr and BiggsEugosOBr compounds, respectively. The
micrographs show the plate-like morphology with an average thickness of 0.185-0.272 um. To
confirm the homogeneity of elements in the compounds, we have carried out the elemental
mapping using energy dispersive X-ray (EDX) analysis. Figs. S2 and S3 show the elemental
mapping of BiOF and Bi¢5Eu0sOF compounds, respectively. The elemental mapping of BiOF

confirmed that all the elements were homogeneously distributed over the entire area. For 5 mol%

Page 8 of 43



Page 9 of 43

RSC Advances

Eu’* doping, although the concentration of Eu was low and therefore faintly visible but was

evenly distributed.
3.3. FTIR studies

The purity and functional groups of Bi; \Eu,OX compounds were confirmed by the FTIR
spectra. The spectra were measured in the wave number region of 500-1500 cm™ (Fig. 4). In
Bi; xEusOF compounds, the vibration peak of metal-oxygen bond (Bi—O) appeared at about
563 cm™. For Bi;<EuyOBr compounds, the symmetrical stretching vibration originating from the
Bi-O was located around 510 cm™. It was observed that the peak shifted towards lower
frequency with increasing atomic number and ionic radii of X. This was due to the heavier atoms

which cause the attached bonds absorb at lower frequencies.
3.4. UV-Vis absorption spectroscopy

The optical property of Bi;xEusOX compounds was studied by UV-Vis diffuse
reflectance spectroscopy (Fig. 5). The intense absorption edge of BiOF and BiOBr compounds
were found to be around 445 and 495 nm, respectively. It was observed from the UV-Vis
absorption spectra that there was a red shift in the absorption edges of BiOX powders with
increasing atomic number of X. The optical energy band gap (E;) of Bi;«Eu,OX compounds
were estimated from UV-Vis absorption spectra using Wood and Tauc relation.”® The energy

band gap was calculated with absorbance and photon energy by the following equation:
ahv = Alhv —E, ) 3)
where a is the absorption coefficient, hv is the photon energy, A is a proportional constant, E, is

the energy band gap and n depends on the characteristics of the transition in a semiconductor. (n

= 1/2, 2, 3/2, or 3 for allowed direct, allowed indirect, forbidden direct, and forbidden indirect
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electronic transitions, respectively). BiOF exhibits a direct band gap (n = 1/2), while BiOBr
presents an indirect band gap (n = 2).%” The intercept of the tangent to the x-axis gives good
approximation of the band gap energies of Bi; \EuyOF and Bi; \EuyOBr compounds from 2.79-
2.86 and 2.5-2.59 eV, respectively (Fig. 5(a) and (b)). These values revealed that the calculated
band gap energy decreases with increasing atomic number of X, which is consistent with the
experimentally observed trend. The obtained band gap energy values of BiOF and BiOBr were
close to the reported values in the literature.”” On substitution of smaller Eu®* ion (rg,>* = 1.066
A) to larger Bi** jon (rgi"* = 1.17 A), the band gap value increases in Bi;.Eu,OX compounds.
3.5. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was used to evaluate the thermal stability of BiOF
and BiOBr compounds. The total weight loss of BiOF in the heat treatment from room
temperature to 900 °C was determined to be 7% in Fig. S4. While in BiOBr compound, 30%
weight loss was observed in the range of 560 to 695 °C due to the decomposition of BiOBr into
bismuth oxide and bromine. Further, the decomposition of bismuth oxide was started above 695
°C. This fact indicates that the thermal stability of BiOX decreases with increasing X atomic
number, which was due to the co-contribution of the lattice parameters and interatomic binding

energies.”®
3.6. Photoluminescence properties

Fig. 6 shows the excitation (a) and emission (b) spectra of Bi;xEuyOF phosphors. The
excitation spectrum monitored at 592 nm consists of three sharp peaks between 320 and 500 nm.
The sharp peaks located at 378 nm (7Fo — 5Gz), 395 nm (7F0 — 5L6) and 465 nm (7F0 — 5Dz)
were the characteristic 4f—4f transitions of Eu®* ions in the host lattice. Upon excitation at 395

nm, the emission spectra exhibit a group of similar emission lines, which correspond to

10
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transitions from the excited 5Do level to the ground 7F] J=0,1,2,3,and 4) levels of the Eu’* 41
configuration. The sharp peaks in the emission spectra were correspond to the electronic
transitions as *Dy— 'Fy (579 nm), Dy — 'F; (592 nm), *Dy— 'F> (617 nm), Dy — 'F3 (648 nm)
and "Dy — 'F,4 (698 nm). Fig. S5 depicts the energy level diagram for Eu’*-activated BiOF

phosphors. The presence of unique emission line at 579 nm was due to the J-J mixing by the
crystal field effects. The >Dy— 'F| transition peak originates from magnetic dipole transition. In
contrast, the radiative transitions from 5Do to 7F2 and 7F4 levels were electric dipole in character.”
'0The °Dy— "F; transition was forbidden from both electric and magnetic dipole considerations.
The *Dy — 'F; emission of the Eu™ jon has a close relationship with its occupied chemical
environment. When the Eu®* ion was located at site with inversion symmetry, the magnetic
dipole (SDO — 7F1) emission transition was dominant, whereas at site without inversion
symmetry, the electric dipole "Dy — 'F,) transition becomes dominant." For Bi<Eu,OF
phosphors, the emission intensity of >Dy — 'F, was stronger than that of Dy — 'F,, which
indicates that the Eu®* ion mainly occupies the site with inversion symmetry in the BiOF host
lattice. In addition, the intensity of the emission peaks increase with the increase in Eu®* doping

concentration from 1 to 5 mol%.

Fig. 7(a) exhibits the PL excitation spectrum of BiggEugoOBr phosphor when
monitored at A.,, = 614 nm. The excitation peaks at 382 nm, 395 nm and 411 nm were observed
which correspond to 7F0 -7 Go, 7F0 — 5L6 and 7F0 -7 D; transitions of Eu3+, respectively. The
emission spectra obtained for Bi;.<EuyOBr phosphors under 395 nm excitation displayed the
typical emissions in the 560-720 nm region, which correspond to the > Dy— 7FJ J=0,1,2,3and
4) intra-4f shell electronic transitions expected for the Eu’" ion (Fig. 7(b)). It can be observed

that the relative emission intensity of > Dy — 7F2 transition was higher than that associated with

11
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Dy — 'F, transition, indicating that the Eu’* ion occupies the host lattice without inversion
symmetry in the Eu’*-activated BiOBr phosphors.10 Moreover, the intensity of the emission

peaks increase with increasing Eu®* ion concentration.
3.7. CIE chromaticity diagram

For practical lighting applications, color quality was specified in terms of 1931
Commission International de I'Eclairage (CIE) chromaticity color coordinates. These color
coordinates recognize that the human visual system uses three primary colors: red, green and
blue.”’ In general, the color of any light source can be represented on the (x, y) coordinates in
this color space. To evaluate the phosphors performance on color luminescent emission, the
Commission International de I’Eclairage (CIE) chromaticity coordinates (X, y) were calculated
using the color calculator program radiant imaging.30 Fig. 8(a) and (b) shows the CIE
chromaticity diagram of Bi;4EusOF and Bi; (EuyOBr phosphors excited at 395 nm. The
calculated CIE chromaticity coordinates of Bi; \EuOF (x = 0.01, 0.03 and 0.05) phosphors were

found to be (0.560, 0.439), (0.587, 0.412) and (0.597, 0.402) respectively (Fig. 8(a)). The color

coordinates of Eu**-activated BiOF lies in the orange-red region of CIE chromaticity diagram.31

This was due to the dominancy of orange emission "Dy — 'F;) as compared to the red emission
(5D0 — 7F2). For Bi;xEusOBr phosphors, the CIE coordinates were calculated to be (0.602,
0.387), (0.619, 0.370) and (0.632, 0.358) (Fig. 8(b)). The evaluated CIE color coordinates for 5
mol% Eu**-activated BiOBr (0.632, 0.358) is close to the commercial Y203:Eu3+ (0.645, 0.347)
and Y,0,S: Eu’* (0.647, 0.343) red phosphors.* This indicates that the 5 mol% Eu**-activated

BiOBEr is a potential candidate for the development of red component in WLEDs as compared to

Eu’*-activated BiOF phosphors.

12
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3.8. Judd-Ofelt intensity parameters and radiative properties

The emission spectra of Bi;xEuyOX phosphors were used for estimation of the Judd—
Ofelt (J-O) intensity parameters for Eu®* ion. The Judd—Ofelt intensity parameters (. 4) provide
valuable information about the local structure and bonding in the vicinity of rare earth ions.
Through these analyses, the local environment around the metal ion and the bond covalency of

metal-ligand bonds can be interpreted. The relative integrated emission intensities 7,
F
J

1, 2, 3 and 4) for all the > Do—>7FJ transitions were calculated using the emission spectra of Bi;.

«EuxOX phosphors. The total relative integrated intensity | [l = z 1,
F

is proportional to the
J=0-4 J

total radiative transition rate Z A, andis given by:*
J=0-4 7

I=ay A, 4)

where a is a constant and A7 is the radiative transition rate for > Do—>7FJ transitions. The total

Fy

radiative transition rate is equal to the reciprocal of experimental lifetime t and is as follows:

1
> A, =1 )

J=0-4 J
Fig. 9 shows the PL decay curve for Bi; \EuOX (X = F and Br) phosphors measured at
low temperature (77 K). These decay profiles exhibit single exponential behavior and the excited

state lifetime was calculated from the slope of the fitting line using the following expression:

I =1e" (6)

13
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where /; and [j are the luminescence intensities at time t and at t = O respectively, 1 is the lifetime
of the excited state energy level. The experimental lifetime (7) values of the Dy level were found
to be 3.95 and 4.12 ms for Bi;«EusOF and Bi; <\EuOBr phosphors, respectively. The obtained
lifetime values were found to be larger than Eu’* doped ZnAlBiB,** Eu** doped KLa(PO3)s,”
Sr17Zng3CeO4: Eu®*? CajoMgy(POs)is: Eu™* Eu’*-doped Glaserite-type Orthovanadates
CsK>Gd[VO4lp,” NaLu(WO,)»:Eu™ %,

The value of a for Bi;xEusOX can be obtained from eqn (4). Accordingly, the radiative

transition rate A7 for each transition between two manifolds 5D0 and 7F] J=0,1,2,3and 4)

Fy

can be calculated and the values are displayed in Table 3.

The radiative transition rate of 5D0—>7F1 (A}",i’ J) related to magnetic dipole transition from the

initial state J to the final state J can be expressed as: 4

md 6arty3 3 7

=1 = 3" Sma
where v is the wavenumber for J'—J transition, h is Planck's constant (h = 6.626 x 1077 erg s),
(2J" + 1) is the degeneracy of the initial state, n is the refractive index of the host and S;,4 is the
magnetic dipole line strength (Spq = 7.83 x 10™%). From eqn (7), the refractive index of BiOF
and BiOBr hosts can be calculated to be 2.11 and 1.67, respectively.
The radiative transition rates, which were electric dipole transitions and can be written as a

function of the J-O intensity parameters:

Aed :647T4V362 n(n2 +2)2 Z 0 <5D ‘U(J)VF >2 (8)
I 9 ATV !

The DolUYIE)? are the square reduced matrix elements whose values are independent of the

chemical environment of the Eu* ion. Their values were known and are solely (SDOIU(Z)I7FZ>2 =

14

Page 14 of 43



Page 15 of 43

RSC Advances

0.0032 and (SD()IU(4)I7F4)2 = (0.0023. Thus, using eqn (8), the values of J-O intensity parameters
(Q,, 4) were obtained.

For Bi; <EuyOF phosphors, Q, and €24 can be deduced to be 0.8775 x 102 and 0.5771 x
10%° cm?, respectively. It is well known that the , parameter was structure sensitive and
depends on the covalence of the rare-earth ion sites. The parameter ()4 was not directly related to
the symmetry of the Eu’* ion but to the electron density on the surrounding ligands. The trend
observed in the J-O parameters (Q; > ) for Bi; \EusOF phosphors confirmed the covalency
between the metal and ligands. In case of Bi; <EuyOBr phosphors, the value of (24 (3.1559 x 1020
sz) is larger than Q, (1.6206 x 10 sz) which reveal the less covalent nature of Eu—O bond
character.

The branching ratio f corresponding to the emission from an excited level to its lower levels is as

follows:

B )

_ Ay
ZAJ'—J
J=0—4
The branching ratios for the 5D0 level of Eu’" in BiOF and BiOBr are listed in Table 3. In
Bi; xEusOF phosphors, the £ value of 5Do—>7F1 emission was higher than the other transitions,
indicating that the 5D0—>7F1 transition was the main emission of Eu’" ion. It was observed that
the f value of 5D0—>7F2 transition was dominant in Bi; xEuyOBr phosphors.

The stimulated emission cross-section (g,) was an essential parameter to signifies the rate of

energy extraction from the lasing material and is calculated as

O, (;LP):[L:IAJ'—J (10)

2
8mcn” A

15



RSC Advances

where 7, is the emission peak wavelength, c is the velocity of light and Al.4 is the effective
bandwidth of the emission transition.

Table 4 illustrates the asymmetry ratios, effective bandwidth of the emission transition
(Ahefr), stimulated emission cross-section (o), gain bandwidth (ce x Aler) and optical gain (o x
1) for Bi;xEuyOX phosphors. To understand the variation of symmetry and coordination
environment around Eu’** ion doped in BiOX matrices, the asymmetric ratio was calculated. It is
the relative intensity ratio of 5D0 —>7F2 and 5Do — 7F1 transitions. The low values of asymmetric
ratio for Bi;xEuxOF phosphors show that the Eu®* ion occupies site with a high symmetry and
with an inversion center (Table 4). In contrast, the high asymmetric ratios revealed that the
Eu’* ion has a lack of inversion symmetry in Bi; \EuyOBr phosphors.

The stimulated emission cross-section value is an important factor to predict the laser
performance of a material and also the rate of the energy extraction from the lasing material. The
trend of o, for the 5Do emission transition were observed as 7F1 > 7F2 > 7F4 > 7F3 > 7F0
(Bi;xEuxOF) and 7F4 > 7F2 > 7F3 > 7F1 > 7F0 (Bi;.xEusOBr). The stimulated emission cross-section
values of Eu**-activated BiOBr phosphors for 5D0 — 7F2 transition were found to be better than
Eu’*-activated BiOF phosphors. The product of emission cross-section and the effective
bandwidth of the emission transition is a significant parameter to predict the bandwidth of the
optical amplifier. The higher the product values were, the better was the amplifiers performance.
It was noteworthy that the maximum value of gain bandwidth was 7.42 x10™® cm’ corresponding
to 5D0 — 7F4 transition for Bipg9Eug oOBr phosphor. Similarly, the product of radiative lifetime
and stimulated emission cross section is a vital aspect for high optical amplifier gain. The
obtained optical gain value of BiggsEuosOBr phosphor corresponding to 5D0 — 7F2 transition

were found to be larger than Eu’* doped ZnAlBiB** and Eu** doped KLa(PO3)435. Therefore, we

16
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can conclude that the Eu’*-activated BiOBr phosphors corresponding to *Dy — 'F, transition
provide favorable lasing action, high optical gain for amplifiers and can be useful for red laser

applications.

3.9. Photocatalytic activity

The temporal evolution of photocatalytic degradation of aqueous RhB dye solution over
Bi; xEusOF and Bi; xEusOBr catalysts under visible light irradiation are shown in Figs. S6 and
S7, respectively. All the spectra show characteristic absorption peak of RhB at 554 nm whose
intensity decreased dramatically as a function of irradiation time in the presence of the
photocatalysts. Further, visible light irradiation of the aqueous RhB/Bi; \Eu,OX dispersion leads
to a concomitant wavelength shift of the band to lower wavelengths. The blue shift depicted in
Figs. S6 and S7 were caused by de-ethylation of RhB due to an attack by one of the active
oxygen species on the N-ethyl group. The shifting of the maximum absorption of RhB dye to
other wavelength positions of its major absorption band which moved toward the N,N,N’-tri-
ethylated rhodamine (Anax = 539 nm); N,N’-di-ethylated rhodamine, (Anax = 522 nm) and
rhodamine (Amax = 498 nm) species.*' The intensity of the main peak reduced gradually to zero
within 75 and 20 min over Bi; \EusOF and Bi; \EuxOBr catalysts, respectively. Fig. 10(a) and (b)
shows the percentage of RhB dye degradation mediated by Bi; \EuyOX (X = F and Br) catalysts
with irradiation time. The adsorption-desorption equilibrium between RhB and catalysts can be
established within 30 min (dark condition), and at most 46% and 60% of the RhB dye
degradation was observed for Bi; xEusOF and Bi; \EuyOBr catalysts, respectively. This revealed
that Bi; <EuyOBr catalysts have good adsorption capacity. The 100% RhB dye was decomposed

within 75 and 20 min over Bi; x\EuyOX (X = F and Br) catalysts under visible illumination.
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To prove the efficiency of Bi; \EuyOX catalysts with the possibility for future industrial

applications, the reaction kinetics was evaluated. The RhB dye degradation follows apparent first

. . . . . . . 42
order kinetics, in agreement with a general Langmuir—Hinshelwood mechanism

- —dC _ KKC

= = 11
dt 1+ KC (b

where R is the degradation rate of reactant (mg/l min), C is the concentration of reactant (mg/l), t
is the illumination time, K is the adsorption coefficient of reactant (I/mg) and k is the reaction

rate constant. If C is very small then the above equation could be simplified to
m[&j ~ KKt =kt (12)
C

where Cj is the initial concentration (0 min) of the RhB aqueous solution and C is the

concentration of the RhB aqueous solution for different times of visible illumination.

According to eqn (12), if In(Cy/C) was plotted as a function of t , a straight line was
observed, whose slope is equal to the apparent first-order rate constant k,,, which were
calculated to be 0.04206 and 0.20792 min™' for BiOF and BiOBr catalysts, respectively (Fig. 11).
These values substantiate the photocatalytic reaction rate being highest for BiOBr catalyst.
Further, the rate constants decrease with increasing Eu® ion concentration in BiOX. This was

. . cq . . 3 .
due to the increase in band gap energy values with increase in Eu”* concentration.

We have also compared our photocatalytic results with the reported catalysts synthesized
by different methods for the degradation of RhB dye under visible light irradiation and are
shown in Table 5. The table reveals that BiOBr catalyst synthesized by solid state method shows

100% RhB dye degradation in shorter duration (20 min.) and its rate constant is higher as

18
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compared to BiOCL'*** BiOBr/montmorillonite,”® 1 wt% g-C3N4/BiOBr,”> Fe;04,/BiOCl,*
MnOX/BiOI,44 N-doped BaTiOg,45 Ag3P0446 and BizOZCO347 catalysts. It is well known that
photocatalysts in decomposition of organic pollutants would mostly rely on the utilization of
sunlight energy and the efficiency of photogenerated charge carriers. Moreover, the band gap
energy, optical transition and structure of materials were the influencing factors for
photogenerated free-carrier’s generation, capture, transport and separation. The indirect optical
transition of BiOBr plays a significant role in its excellent photocatalytic activity as compared to
direct transition of BiOF. In indirect transition, an excited electron has to travel certain k-space
distance to reach valence band. This reduces the recombination probability of the excited
electron and the hole. Compared to BiOF photocatalyst, BiOBr can absorb more photons to
achieve the electron-excited process due to its smaller band gap. As a result of this, more
hydroxyl radicals or holes may be produced under the visible light irradiation. The layered
structure of BiOX can polarize the related atoms and orbitals by supporting large enough spalce,48
resulting in an increase in the electron—hole separation efficiency through the appeared dipole,

and thus the enhanced photocatalytic activity was observed.
4. Conclusions

Eu’*-activated BiOX (X = F and Br) phosphors have been synthesized and their structural
parameters were evaluated. Based on the CIE chromaticity diagram, the Eu’*-activated BiOF
phosphors exhibit orange-red luminescence. In contrast, the Eu’*-activated BiOBr phosphors
illustrate red luminescence. The CIE coordinates of BiggsEugosOBr phosphor is close to the
commercial Y203:Eu3+ and Y,0,S: Eu’* red phosphors. From the Judd—Ofelt analysis, we
observed that the intensity parameter, (), was greater than €4 for Bi; 4\EuOF phosphors which

suggest the more covalency from the metal (Eu) to ligands (O). In case of Bi;«EuyOBr

19
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phosphors, Q, was less than Q4 which reveal the less covalent nature of Eu—O bond character.
The asymmetry ratio for Bi;Eu,OF phosphors confirmed that Eu®* ion was located at site with
inversion symmetry, whereas Eu’* ion occupies the site without inversion symmetry in the
BiOBr host lattice. The BiggsEu¢sOBr phosphor shows long lifetime and higher optical gain
parameter for >Dy— ’F, transition in comparison with reported Eu’* doped host matrices. Under
visible illumination, 100% RhB dye was degraded within 75 minutes (Bi;\EuyOF) and 20
minutes (Bi;<EuyOBr). These results suggest that BiOBr is a good host material to incorporate
the lanthanide ions for exhibiting good luminescence properties as well as photocatalytic activity

for energy and environmental sustainability applications.

20
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Figure captions

Fig. 1. XRD patterns of (a) Bi; xEuyOF and (b) Bi; \EuyOBr compounds.

Fig. 2. Observed, calculated and the difference XRD patterns of (a) BiOF, (b) Big.9sEu0sOF, (c)

BiOBr and (d) Big¢sEug osOBr compounds.

Fig. 3. SEM micrographs of (a) BiOF, (b) BiggsEuo¢sOF, (c) BiOBr and (d) BiggsEugosOBr

compounds.
Fig. 4. FTIR spectra of (a) Bi; x<EuyOF and (b) Bi; xEuyOBr compounds.

Fig. 5. UV-Vis absorption spectra of (a) Bi; xEuyOF (Inset shows plots of (ozhv)2 vs hv) and (b)

Bi; xEusOBr (Inset shows plots of (ahv)l/ 2vs hv) compounds.

Fig. 6. (a) Excitation spectrum of Bigpg9Eug o OF phosphor and (b) emission spectra of Bij.

xEuxOF phosphors.

Fig. 7. (a) Excitation spectrum of BiggoEug;OBr phosphor and (b) emission spectra of Bij.

xEuxOBr phosphors.
Fig. 8. CIE 1931chromaticity diagram of (a) Bi; xEu,OF and (b) Bi; xEuyOBr phosphors.

Fig. 9. Photoluminescence decay curve for (a) Bi;EuOF and (b) Bi;<EuyOBr phosphors

measured at 77 K. The solid line gives the exponential fitting result of Bip¢sEug ¢sOX phosphors.

Fig. 10. Percentage of RhB dye degradation as a function of time over (a) Bi; xEuyOF and (b)

Bi; xEuxOBr catalysts.

Fig. 11. First order kinetics of RhB dye degradation over (a) Bi; xEusOF and (b) Bi; xEusOBr
catalysts as a function of irradiation time.
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Table 1. Rietveld refined structural parameters for Bi; xEusOF compounds.

COIDpOUIldS BiOF Bio,ggEUo,o]OF Bi0,97Eu0,03OF Bi0.95Eu0.05OF
Crystal System Tetragonal Tetragonal Tetragonal Tetragonal
Space group P4 /nmm P4 /nmm P4 /nmm P4 /nmm
(No. 129) (No. 129) (No. 129) (No. 129)
Lattice Parameters
a(A) 3.752(3) 3.753(5) 3.753(3) 3.752(5)
¢ (A) 6.227(1) 6.229(6) 6.228(4) 6.227(7)
Cell volume (A®) 87.66(2) 87.76(9) 87.71(8) 87.67(2)
Atomic positions
Bi/Eu (2¢)
X 0.2500 0.2500 0.2500 0.2500
y 0.2500 0.2500 0.2500 0.2500
Z 0.2087(3) 0.2085(3) 0.2091(2) 0.2097(3)
O (2a)
X 0.2500 0.2500 0.2500 0.2500
y 0.7500 0.7500 0.7500 0.7500
Z 0.0000 0.0000 0.0000 0.0000
F (2¢)
X 0.2500 0.2500 0.2500 0.2500
y 0.2500 0.2500 0.2500 0.2500
Z 0.6402(3) 0.6427(4) 0.6471(5) 0.6456(3)
R Factors
R, 0.091 0.104 0.107 0.100
Rup 0.131 0.141 0.144 0.138
Rexp 0.109 0.126 0.124 0.119
v 0.014 0.013 0.013 0.013
Rgrage 0.057 0.071 0.064 0.065
Ry 0.040 0.041 0.036 0.038
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Table 2. Rietveld refined structural parameters for Bi; xEuyOBr compounds.

COIDpOllIldS BiOBr Bio,ggEUo,o]OBI‘ Bio,97EUQ.030BI' Bio,95EUQ.05OBI'
Crystal System Tetragonal Tetragonal Tetragonal Tetragonal
Space group P4 /nmm P4 /nmm P4 /nmm P4 /nmm
(No. 129) (No. 129) (No. 129) (No. 129)
Lattice Parameters
a(A) 3.928(4) 3.928(2) 3.927(4) 3.929(5)
c (A) 8.108(6) 8.108(3) 8.106(5) 8.111(8)
Cell volume (A?) 125.09(2) 125.13(2) 125.04(1) 125.19(2)
Atomic positions
Bi/Eu (2¢)
X 0.2500 0.2500 0.2500 0.2500
y 0.2500 0.2500 0.2500 0.2500
Z 0.1565(2) 0.1551(4) 0.1542(7) 0.1562(4)
O (2a)
X 0.2500 0.2500 0.2500 0.2500
y 0.7500 0.7500 0.7500 0.7500
Z 0.0000 0.0000 0.0000 0.0000
Br (2¢)
X 0.2500 0.2500 0.2500 0.2500
y 0.2500 0.2500 0.2500 0.2500
Z 0.6496(9) 0.6526(8) 0.6561(8) 0.6513(9)
R Factors
R, 0.122 0.127 0.112 0.113
Rup 0.167 0.174 0.158 0.157
Rexp 0.147 0.155 0.138 0.136
v 0.013 0.012 0.013 0.013
RBrage 0.084 0.084 0.064 0.068
Rr 0.060 0.056 0.049 0.051
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Table 3. Calculated wavenumbers, transition rates and branching ratios for 5Do — R J=0,1,

2, 3 and 4) transitions of Eu’* in BiOF and BiOBr.

Compounds  Transition  Type Wavenumber Transition B (%)
(cm'l) rate (s'l)

°Dy— 'Fy  Forbidden 17271.16 17.01 6.73
°Dy— 'F;  Magnetic dipole  16891.89 110.61 43.75

BiOF: Eu™*  "Dy— 'F,  Electric dipole 16207.46 84.14 33.28
°Dy— 'F3  Forbidden 15432.10 13.61 5.38
°Dy— 'F4  Electric dipole 14326.65 27.47 10.86
°Dy— 'Fy  Forbidden 17271.16 23.88 9.84
Dy— 'F;  Magnetic dipole  16949.15 54.77 22.56

BiOBr: Eu>*  °Dy— 'F,  Electric dipole 16286.64 68.75 28.32
°Dy— 'F3  Forbidden 15455.95 30.43 12.53
Dy — 'F,  Electric dipole  14285.71 64.94 26.75
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Table 4. Asymmetry ratios, effective bandwidth of the emission transition (Ales), stimulated

emission cross-section (o), gain bandwidth (c. x Ale) and optical gain (6. X Tpq) for

Bi; xEuxOX phosphors.
Compounds Transitions ~ Asymmetry Alegs e Oc X Aheff  Ge X Trad
ratio (nm) (x107% (10728 (x10%
cm?) cm’) cm’s™h
Dy — 'Fy 7.00 0.81 0.57 3.20
’Do— 'F, 8.10 4.99 4.04 19.71
BigoEugoOF °Dy— 'F,  0.766 7.77 4.68 3.64 18.49
Do — 'Fy 5.94 1.20 0.71 4.74
Dy — "Fy 14.00  1.39 1.95 5.49
Dy — "Fy 5.79 0.98 0.57 3.87
Do — 'F, 7.68 5.27 4.05 20.82
Bioo7BugsOF °Dy— 'F,  0.789 8.14 4.46 3.63 17.62
Dy — 'Fy 6.21 1.15 0.71 4.54
Dy — "Fy 9.51 2.04 1.94 8.06
Dy — "Fy 5.12 1.11 0.57 4.38
Do— 'F, 8.39 4.82 4.04 19.04
BigosEuoosOF  °Do— 'F»  0.760 9.24 3.93 3.63 15.52
Dy — 'Fy 6.46 1.13 0.73 4.46
Dy — "Fy 7.13 2.72 1.94 10.74
Dy — "Fy 9.00 1.42 1.28 5.85
Dy — 'F, 11.14  2.83 3.15 11.66
BigooEugoiOBr °Dy— 'F,  1.42 1031 451 4.65 18.58
Dy — 'Fy 7.21 3.52 2.54 14.50
Do — 'F,4 1209 6.14 7.42 25.30
Dy — "Fy 8.00 1.60 1.28 6.59
Dy — 'F, 12.82 246 3.15 10.13
Bioo7Eugo:OBr °Dy— 'F,  1.36 7.22 6.44 4.65 26.53
Dy — "Fs 7.48 3.39 2.54 13.97
Dy— 'F, 1097  6.76 7.41 27.85
Do — 'Fy 10.00 128 1.28 5.27
Dy — 'F, 10.53  3.00 3.16 12.36
BigosEuoosOBr °Dy— 'F»  1.27 6.35 7.32 4.64 30.16
Dy— 'Fs 6.89 3.68 2.53 15.16
Do — 'Fu 8.51 8.71 7.41 35.88
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Table 5. Comparison of BiOX (X = F and Br) catalysts with the reported catalysts for RhB dye

degradation.

Catalyst Synthesis Initial Catalyst Reaction  RhB degradation Rate Ref.

method RhB conc. condition Time taken  constant
conc. (mg/L)  (Visible) Yo (min.) (min'l)

BiOCl Hydrolysis 10 mg/L 500 250 W 100 50 0.1186 [18]

BiOBr/mont Hydro- 40 mg/L 1000 1000 W 99 120 - [20]

morillonite thermal

1 wt% Solvo- 10 mg/L 200 300 W 100 150 - [22]

g-C3N4/BiOBr thermal

BiOCl Solution 1x10° M 100 300 W 100 80 - [24]
oxidation

Fe;04/BiOCl  Phase- 30 mg/L 1000 500 W 100 40 0.066 [43]
transfer

MnO,/BiOI Photo- 5 mg/L 200 500W  78.8 30 - [44]
deposition

N-doped Melt salt 10 mg/L 1000 300W 48 240 0.00281 [45]

BaTiO3

Agi;POy Precipitation 15 mg/L 300 15W 96 180 - [46]

Bi,0,CO3 Hydro- 1x10° M 5000 350 W 95 90 0.0506 [47]
thermal

BiOF Solid state 1x10° M 1000 500 W 100 75 0.04206  Present

work
BiOBr Solid state 1x10° M 1000 500 W 100 20 0.20792  Present

work
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