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Pure ZnO, Eu®* (3 at.%) doped ZnO, Bi®* (3 at.%) doped ZnO and Bi®* (1, 3 at.%) co-doped ZnxO:Eus* (3 at.%) have been synthesised
through the co-precipitation method at 25 °C, with ethylene glycol as a capping agent. The crystallite sizes, estimated using the Scherrer
equation, ranged from 8-11 nm and were consistent with TEM observations. FTIR analysis confirmed the presence of characteristic Zn—
0O, O—H and CH: stretching vibrations associated with ethylene glycol. Furthermore, incorporation of dopants into the ZnO lattice led to
a reduction in the optical band gap from 3.07 to 2.85 eV, as determined from Tauc plot analysis, indicating enhanced visible-light
absorption. Sensitised Bi®* (1, 3 at.%) co-doped ZnxO:Eu®* (3 at.%) samples enhanced its absorption peaks at 464 nm ("Fo—°D>) and 394
nm ("Fo—°Ls) of Eu* transition. The photoluminescence emission intensity of Eu®*, observed at 615 nm (°Do—"F3, where J = 0, 1, 2, 3
and 4), is enhanced through Bi®* doping than under direct Eu®* excitation. Bi®* (3 at.%) co-doped Zno.o4O:Eu*0.03 has demonstrated

promising photocatalytic activity in the degradation of crystal violet dye under UV exposure.
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INTRODUCTION

Recently, material science has emphasised the greater
impact of wide-bandgap semiconductor nanomaterials in the
advancement of technology and optoelectronics. Semiconductor
nanomaterials, such as indium tin oxide (ITO), ZnS, ZnO, TiO,,
ZnSe, CdSe, etc. displayed superior optical characteristics [1].
Among these, ZnO is a promising material among resear-
chers, it has an optical bandgap of ~3.37 eV and large exciton
binding energy ~60 meV [2]. Owing to its low toxicity and
cost effectiveness, ZnO has recently attracted significant atten-
tion due to its superior electrochemical durability and optimised
electrocatalytic properties. ZnO when doped with different
metals and rare earth (RE®*) elements exhibits diverse prop-
erties including high transparency, tunable conductivity,
electronic modifications, insulating states, piezoelectricity,
enhanced luminescence, antibacterial properties, photocatalytic
efficiency, drug delivery capability, gas sensors and batteries
by altering its structure and material characteristics [3-8]. The
ionic radius of the dopants significantly influences its ability
to incorporate into the crystal lattice by causing structural dis-
tortion.

Doping ZnO with Bi, a post-transition metal from group
15, contributes to superior magnetic properties, hybrid solar
cells, optical behaviour, structural characteristics, by improving
crystallinity of the material and maintains stability even at
elevated temperatures [9,10]. Ntwaeaborwa et al. [11] state
that the incorporation of activator Eu®* into ZnO has a signi-
ficance influence on both structural and luminescence due to
the f-f transition. Photoluminescence efficiency can be further
optimised by introducing a sensitizer (such as Ce*, Bi®*,
Tb3*, Gd®*) as a co-dopant in ZnO. Bi** co-doped Eu®*: ZnO-
B,0s enhance the luminescence of ZnO, which is found to be
shifting towards the longer wavelength and leading to higher
brightness and a broader emission spectrum compared to single
doped ZnO [12]. Yaba et al. [13] reported that energy transfer
observed from the sensitizer Bi** to the activator Eu®*, when
the Bi®* (at.%) increase the intensity also found increases;
however, as the Bi®* concentration reach 11 at.%, the emission
intensity decreases, which can be due to the formation of Bi®*
cluster leads to luminescence quenching.

Doping and co-doping system into ZnO improve the
separations of charge carrier and electron-hole and alters the
electronic structure leading to improved photocatalytic perfor-
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mance under UV or visible light [14,15]. Rhodamine B, methyl
orange and picric acid dyes were discussed by using ZnO:
Eu®* catalyst under UV light source (125 W Hg vapour lamp)
[16], while Cu?*/Bi®* doped ZnO@cotton fabric were used in
the degradation of methylene blue (MB) under a visible light
(100 W halogen lamp) [17].

Several studies have investigated the individual doping of
RE elements and metals into ZnO by different methods of
synthesis, such as solvothermal, co-precipitation, combustion,
hydrothermal method, facile and silar [18-20]. Previous studies
on Eu**/Bi** co-doped materials have mainly emphasised on
luminescent host lattices such as XWQ, (X = Sr, Ba, Ca),
YVO4, Lan, YPO4, Y203, GdPO4 and YzO3, in which Bi3+
ions generally act as efficient sensitizers to increase Eu®* emis-
sion [21-24]. However, most of these synthesis approaches
involve high temperatures and post-annealing treatments, which
are not cost-effective or economical. Reports on ZnO as the
host matrix co-doped with Bi®* and Eu®* ions are limited.

This study reports the synthesis of pure ZnO, Zng¢70:
EU3+0A03, Zno.s70:Bi%**003 and Bi®* (l, 3 at.%) CO-dOpEd Zn0:
Eu*0.0s, Using a co-precipitation technique performed at low
temperature, thereby reducing energy consumption. The novelty
of this work highlights the role of Bi%* co-doping in tuning
the optical emission of Eu®* and its impact on photocatalytic
degradation efficiency of crystal violet (CV) dye supported
by reactive oxygen species analysis. The effectiveness of the
prepared samples as photocatalysts was investigated by obser-
ving the degradation of CV under exposure to UV light.

EXPERIMENTAL

High-purity, analytical grade chemicals were used through-
out the synthesis process without any additional purification.
Zinc acetate dihydrate (Zn(CHsCOO)3-2H,0, 99.99%, Sigma-
Aldrich), bismuth nitrate pentahydrate (Bi(NOs3)3-5H-0, 99.99%,
Sigma-Aldrich), europium nitrate (Eu(NOs)s, 99.99% , Sigma-
Aldrich) were employed as Zn?*, Bi®* and Eu* precursors
and sodium hydroxide (97%, Emplura, India) as a precipitating
agent. Mono-ethylene glycol (99%, SRL, India) was used as
both the solvent and capping agent.

Synthesis of ZnO and Zno.esO:Eu®0.03:Bi*0.03 Nano-
particles: Zn(CH3COOQ),-2H,0 (1 g) was dissolved in 25 mL
of ethylene glycol (EG) in a beaker and stirred for 10 min.
Under continuous stirring, NaOH (1 M) was added dropwise
to the reaction mixture to adjust the pH of the medium at 8.
The resulting solution was then vigorously stirred for 30 min
to ensure homogeneous mixing. The obtained white colloidal
mixture was left undisturbed overnight, after which the solid
product was isolated by centrifugation (10,000 rpm). For purity,
the sample was washed with distilled water (four times) and
finally with ethanol. Subsequently, the nanoparticles (NPs)
were dried in an oven for 8 h at 65 °C. For a typical synthesis
of Zn0,9403EU3+0,03:Bi3+0,03, 0.0648 g of EU(NO3)3 was added
into the Zn(CH3COO),-2H,0 solution and continued to stirred
for 10 min and followed by the addition of Bi(NOs3)3-5H,0
(0.0708 g). The reaction medium was adjusted to pH 8 by adding
NaOH (1 M) slowly, followed by constant stirring for 30 min.
Other samples were synthesised similarly by measuring out
the required stoichiometric amounts of precursors.

Characterisation: The powder X-ray diffraction (PXRD)
peaks were measured using an XPERT-PRO X-ray (PANaly-
tical BV) diffractometer with CuKo (A = 1.506 A) radiation.
The elemental composition of both pristine and composite
materials was investigated using energy dispersive X-ray
analysis (EDAX), as measured by METEK spectrophotometer.
Fourier transform infrared (FTIR) spectra were measured using
a Shimadzu-RAffinity-1S instrument. The optical analysis
was derived from a UV-Vis spectrophotometer (Shimadzu
Corp., model-82420) by scanning in the range of A = 200-800
nm. Photoluminescence (PL) spectra were recorded using a
Horiba-FluroMax-4CP spectrofluorometer by exciting with a
150 W Xenon lamp at room temperature. Transmission electron
microscope (TEM) images of Znos70:Bi*0.03 NPs were acg-
uired by using a JEOL JEM-1400 microscope operating at
HV =200 kV.

Catalytic activity: The photocatalytic response of the
catalyst was tested by monitoring the photodegradation of CV
dye under UV irradiation (A = 365 nm). Each sample (5 mg)
was dispersed in 30 mL of distilled water and sonicated for
25 min. Thereafter, aqueous CV solution (3.1 x 107° M) was
added to the catalyst solution, then the catalyst-dye mixture
was maintained under dark conditions for 30 min with bath
sonication to established adsorption-desorption equilibrium
and prior to irradiation, the initial (0 min) UV absorbance was
measured. The absorption spectra of the catalyst-dye mixture
were measured every 20 min after exposure to the irradiation
source. The samples were filtered using syringe filter (0.45
um, PTFE) prior to analysis.

For the recyclability study, the Zne.gsO:Eu3*0.03:Bi%*0.03
catalyst was collected after each cycle by centrifugation, washed
five times with double-distilled water followed by ethanol
(once), then dried at 65 °C for 8 h and reused for further photo-
catalytic reactions under UV irradiation.

Terephthalic acid photoluminescence test: A tereph-
thalic acid (TA) probe solution of 3 x 10-5 M was prepared by
dissolving terephthalic acid (5 mg) in 10 mL of 0.1 M NaOH
solution. The catalyst suspension (2 mg in 5 mL) was mixed
with probe solution and homogenised under continuous stir-
ring for 30 min in the dark to achieve adsorption-desorption
equilibrium. The suspension was then exposed to UV light (A
=365 nm) and collected aliquots were filtered. The excitation
wavelength was set at 315 nm and the emission peak at 425
nm of 2-hydroxy terephthalic acid (2-HTA) was monitor for
hydroxyl radical (*OH) formation.

NBT spectrophotometric test: Nitro blue tetrazolium
(NBT, 4 mg) was dissolved in 100 mL of ~7 pH buffer
solution and magnetically stirred for 30 min at 37 °C. Subse-
quently, 2 mg of catalyst was dispersed into the NBT solution
under continuous stirring for 30 min at dark condition to obtain
adsorption-desorption equilibrium. The catalyst-NBT suspen-
sion was then irradiated under UV (A = 365 nm).

RESULTS AND DISCUSSION

PXRD analysis: The PXRD patterns of pristine ZnO,
Zno.970:EU3*0 .03, ZNo.970:Bi%*0.03 and Bi®* (1, 3 at.%) co-doped
ZnyO:Eu®* 03 (Where x = 0.96, 0.94) NPs prepared at 25 °C,
are shown in Fig. 1a. All the patterns conform to the reference
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hexagonal wurtzite structure of pure ZnO (JCPDS No. 36-
1451,a=b=3.2498 A, ¢ =5.2066 A, v = 47.62 A% [25]. No
other diffraction peaks for Eu and Bi metal or secondary peaks
such as Bi»Os, Eu203 and EuO were observed in any of the
samples except ZnO peaks, signifying that Eu*and Bi®* ions
have been incorporated into the interstitial site of the ZnO
lattice. In Fig. 1b, In comparison with pure ZnO, the doped
samples show diminished intensity and increased broadening
of the characteristic diffraction peaks as the dopant concen-
tration increases, which can be attributed to the generation of
defects and lattice distortions within the ZnO crystal structure
[16]. The incorporation of different ionic radii, Zn?* (0.074
nm), Bi* (0.103 nm) and Eu®* (0.095 nm) ions, results in a
decrease in lattice parameters accompanied by a shift of the
diffraction peak toward higher angles.

The crystallite size (d) of the samples was calculated from
the most three intense peaks at 26 values of 31.7° (100), 34.4°
(002) and 36.2° (101) by using the Debye-Scherrer equation:

KA
 Bcoso @)

here, d = average crystallite size; k (0.94 for ZnO) represents a
shape factor; A (1.5406 A) is the X-ray wavelength; 6 denotes
the diffraction angle; and B corresponds to the full width at
half maximum (FWHM). The crystallinity of ZnO was found
to improve with Eu®* ion doping, likely due to the substitution

hkl

of Zn?* by Eu®*, which has a larger ionic radius than the Zn?*
ion, causing greater lattice distortion when substituted into the
ZnO structure [26]. This substitution may enhance the struc-
tural ordering within the crystal lattice. However, a reduction
in crystallinity was observed upon doping and co-doping with
Bi®* ions. This decrease can be attributed to the substantially
larger ionic radius of Bi®* compared to Zn?*, which introduces
lattice strain, distorts the crystal structure and promotes struct-
ural disorder within the ZnO lattice [27]. The unit-cell volume
and lattice parameter of the samples were calculated via Unit-
CellWin software by indexing the experimentally observed
diffraction peaks of the hexagonal wurtzite ZnO structure.
Table-1 shows the crystallite sizes (d), unit cell parameters
and unit-cell volume of the prepared samples.

TEM analysis: TEM image of Zno¢70:Bi%*.03 NPs (Fig.
2a) reveals a spherical morphology. The average particle dia-
meter was determined using Image J software and was found
to be ~8.709 + 0.8 nm, which is validated by crystallite size
derived from XRD analysis. A Gaussian fitting (using Origin)
of the particle size distribution histogram is shown in Fig. 2b.

FTIR analysis: FTIR spectra of the pure ZnO, Zng¢70:
Eu**0.0s, ZN0.970:Bi**0.03 and Znge4O0:EU%*003:Bi%* 003 Samples
are shown in Fig. 3. The bands at 673 cm™?, 411 cm™ are due
to stretching vibrations of Zn-O whereas, 875 cm is due to
stretching vibrations of O-Zn-O [28]. The absorption band
observed between 1091-1041 cm™ is due to the stretching
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Fig. 1. (a) PXRD patterns of pure ZnO, Zno.s70:Eud*0.03, ZNno.s70:Bi*0.03 and Bi®* (1, 3 at.%) co-doped ZnxO:Eud*0.03; (b) shifting of the most

significant diffraction peaks toward higher angles upon doping

TABLE-1
CRYSTALLITE SIZE (d), LATTICE CONSTANTS (a, ¢c) AND CELL VOLUME (V) OF Bi*" Co-doped ZnO:Eu* NANOPHOSPHORS

Lattice parameters

S. No. Sample Crystallite size, d (nm) 2 A e VA
1 Zn0O 9.21 3.23572 5.18887 47.3397
2 Znog70:Eu®*o03 10.38 3.23894 5.19823 47.0637
3 Znog70:Bi**0.03 8.83 3.23496 5.16801 46.8973
4 Zno960:Eut*0.03:Bi%*0.01 9.82 3.24315 5.19503 47.1388
5 Zn0.940:Eut*0.03:Bi%*0.03 8.73 3.23074 5.19503 47.3476
6 Reused NPs* 10.67 3.23780 5.18101 47.0375
*Based on Fig. 15.
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Fig. 2. (a) TEM micrograph of Zno.s70:Bi%**0.03and (b) histogram distribution of the particle size
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Fig. 3. FTIR spectra of as-prepared pure ZnO, Znyg;O:Eu®g3, ZNneg:0:
Bi**pgzand Bi** (3 at.%) co-doped Zng e, O:Eu® 03 NPs

vibration mode of the C-O bond. The symmetric and asym-
metric stretching vibration modes of -COO™ are observed at
1395 cm™ and 1515 cm™, which might be from the zinc
acetate precursor [11]. The peak at 2946 cm™ can be assigned
to the C-H group stretching vibration of ethylene glycol mole-
cules. The absorption peak appeared at 2358 cm™ may be due
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to the presence of CO,, likely resulting from the atmospheric
adsorption on the surface of the sample [29]. All samples
exhibited a broad absorption band between 3600-3000 cm,
which corresponds to O-H stretching vibrations, while the
peak at 1650 cm is attributed to the O-H bending vibrations
of EG/water molecules [30]. The FTIR spectrum confirmed
the presence of EG molecules adsorbed on the NPs surface,
suggesting its role as a capping agent.

Elemental composition: Fig. 4a-b displays the EDAX
spectrum of pure ZnO and Zng.gs0:Eu®*03:Bi%*0.01. Spectral
analysis confirms the presence of Znand O ina 1:1 atomic ratio
in pristine ZnO, while Zn, O, C, Eu and Bi are detected in the
co-doped ZnO NPs. The elemental composition (atomic %)
of the samples is summarized in the inset table of Fig. 4a-b.
The increase in Eu content and corresponding decrease in Bi
content suggest the successful incorporation of the dopant ions
into the ZnO lattice [31].

Optical studies: Fig. 5a shows the UV-Visible absorp-
tion spectra of pure, doped and co-doped samples. The absor-
ption peak was observed at Amax: 351 nm for pure ZnO, while
Zno,97OZBi3+o,03, Zno,g7OZEU3+o,03, Zno,geOZEU3+o,o3iBi3+o,01 and
ZN0.040:EU*0.03:Bi%*0,03 Show absorption at 353 nm, 349 nm,
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Fig. 4 EDAX spectra of (a) ZnO and (b) Bi®* (1 at.%) co-doped Zno.gs0:Eus*0.03 NPs



Vol. 38, No. 7 (2026)

Synthesis of Bi%* Co-doped ZnO:Eu®" Nanophosphors: Enhanced PL and Photocatalytic Activity 1717

0.9
ZnO i * ZnO (3.07 eV) ol
I inogyg.z, * Zny,0Bi" 04 (2.89 €V) 7 A
MNo.g7V: U:“n,oa N . Zn097OZEU3+o_03 (3.18 eV) ::"/."/
0.7 Zn660:EU" 4651Bi” g0 3+ 3+ s
Ty ) Bl W v ZngosO:Eu (03:Bi” oo (2.98 eV) 7=
' g
© Zn0,0:EU” 03B g5 = 3+ 3+ .}'
o 067 5 Zn,,0:Eu”  03:Bi" o5 (2.85 €V) <
o e L4
5 & /
£ 051 B 7
8 (a) B i (b)
2 3
< S
0.41
0.3
0.2 T T T .
300 400 500 600 700 3.5 4.0

Wavelength (nm)

Energy (eV)

Fig. 5. (a) UV-Visible absorption spectra and (b) band gap energies of pure, doped and co-doped ZnO NPs

349 nm and 360 nm, respectively. The optical absorbance
spectra of Zﬂo,97OZBi3+o_03 and Zno,94OZEU3+o,03:Bi3+o_03 are
slightly shifted to higher wavelength (351-360 nm) due to the
generation of lattice defects in ZnO [32] on doping, while the
absorption bands influence the electronic structure and carrier
dynamics [33]. The band-gap were evaluated by using Tauc’s
plot:

(ahv)" =A(hv-E,) )

where hv represents the photon energy, o is the absorption
coefficient, A is a constant, E4 denotes the optical band-gap
and n is a factor that depends on the electronic transition [10].
As ZnO possesses a direct band gap, the exponent n = %2 was
used to determine its optical band gap. Fig. 5b shows that the
Eg value increases in Znog7O:Eu®0s (3.18 €V) and then
decreases in Zno.gs0:Eu%*003:Bi**0.01 (2.98 €V), ZNnoo70:Bi**0.03
(2.89 eV) and Znp.940:Eu*0.03:Bi%*0.03 (2.85 V) compared to
pure ZnO (3.07 eV). The band gap narrowing can be attri-
buted to several factors, including defect generation, lattice
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distortion and the incorporation of small amounts of Eu®* and
Bi®* impurities into the ZnO lattice [34-36].
Photoluminescence (PL) analysis: The excitation spectra
of Zngg70:Eut*03 and Bi®* (1, 3 at.%) co-doped ZnxO:Eu®*o03
samples, were observed at Aem = 615 nm and are presented in
Fig. 6a. Three distinct peaks appear at 394, 415 and 464 nm
corresponding to the "Fo—°Ls, "Fo—°D3 and "Fo—>°D transi-
tions, arising from internal 4f-4f electronic transitions within
the Eu®* ion [37-39]. In all the spectra, an increase in the f-f
absorption intensities is observed with the sensitisation by
Bi®* ion. The strongest excitation peak at 394 nm correspond-
ding to the "Fo—°Ls transition, reaches its maximum intensity
when the Bi®* concentration is 1 at.% than that of Zng¢;O:
EU*0.03 and Zno.940:EUP*0,03:Bi%*0.03. From the excitation spec-
trum monitored at 615 nm, the peak at 464 nm exhibits maxi-
mum enhancement in Bi®* (3 at.%) co-doped Zng 040:Eu®*0 03
sample compared t0 ZnogsO:Eu®*003:Bi*001 and Znpge7O:EU*o0s.
The observed enhancement is attributed to crystal field dis-
tortion around Eu®* ions, arising from the different charge
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Fig. 6. (a) Excitation spectra of Zno.s7O:Eud*0.03, Bi®* (1, 3 at.%) co-doped ZnxO:Eu®* .03 samples monitored at 615 nm emission wavelength
and (b) emission spectra of Zno.s70:Eu®*0.03, Bi®* (1, 3 at.%) co-doped ZnxO:Eu®*0.03 NPs at 394 nm excitation wavelength
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states of Zn?*, Bi** and Eu®* [12,40]. In the absence of adeg-
uate charge compensation, the substitution of Zn?* with higher
valent ions such as Eu* and Bi®* induces a charge imbalance,
which is accommodated by the formation of Zn-site vacancies
in order to maintain overall lattice neutrality [41].

The observed emission spectra of doped and co-doped
samples under the dex = 394 nm are shown in Fig. 6b. The
strongest emission peak at 615 nm, originating from the hyper-
sensitive electric dipole *Do—’F; transition of Eu®* ions, is
observed in all samples due to the low-symmetry environ-
ment surrounding the Eu* sites and the peak at 590 nm (°Do
—7F1), which is related to magnetic dipole become more intense
if Eu®* ions are positioned at sites with inversion symmetry [42].
The emission intensity of Eu®* ion is enhanced with increa-
sing Bi** ion concentration, indicating that Bi* ion absorbs
energy from the host and transfers it to the Eu3* ion [43]. A
broad hump ranging from 530-570 nm might be due to point
defects of oxygen vacancies (Vo) or energy transfer between
the dopants i.e. Bi**—Eu®*. The emission corresponding to the
forbidden 5Do—"Fy transition at 578 nm is due to Eu®* ions
occupying a site with symmetries such as Cy,, Cs and Cpy [13].

PL decay lifetime study: The PL decay curves of the
emissive °Dy excited state of Eu* (3 at.%) in Bi** (0, 1 and 3
at.%) co-doped ZnO NPs were studied. The luminescence decay
curve of the prepared NPs recorded under A = 394 nm excita-
tion and monitored at A = 615 nm emission are shown in Fig. 7.
All the decay curves are well fitted with a bi-exponential
function [44]:

I()=1,+ Ilexp(_—tj+ l, exp(_—tj
Y T

7 . 3+
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where | (t) and lo indicates the luminescence intensities at any
time tand at t = 0, respectively, I, and I, are the intensities at
different time intervals, 11 and t, are the corresponding decay
lifetimes.

The average lifetime (tay) of the ZnyO:Eu®*003:Bi%* (0, 1
and 3 at.%) samples were calculated using eqn. 4:

o = s + 1,15 4
LT+,

The enhancement in the 1oy of Eu®* (0.61 ps) after Bi*
(1, 3 at.%) incorporation (1.253, 2.049) may be attributed to
the suppression of non-radiative recombination pathways or
partial recovery of matrix defects [45]. Bi-exponential life
time (tav) of ZNkO:EUu®*0,03:Bi* (0, 1 and 3 at.%) NPs at Aex =
394 nm and Aem = 615 nm is shown in Table-2.

Commission Internationale de IEclairage (CIE)
chromaticity study: CIE chromaticity diagram of ZnO at
328 nm, Zno,97OIBi3+o,03 at 399 nm, Zno,97OZEU3+o,03 and Bi3+
(1, 3 at.%) co-doped ZnkO:Eu®*ge3at 394 nm excitation wave-
length is shown in Fig. 7 and their colour co-ordinates are
summarised in the inset of Fig. 8. The CIE chromaticity dia-
gram indicates the potential for colour tuning from dark blue
to light red through white emission. The emission colour of
ZnO and Zngs70:Bi**0 03 samples appear in the dark blue region,
while Zno.s70:EU%*903 sSample exhibits emission in the white
region. Interestingly, Bi®* (1, 3 at.%) co-doped ZnyO:Eu®*g 03
samples exhibit emission in the light red region, which also
serves as evidence that energy transfer from Bi®*to Eu®* occurs.
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Photocatalytic performance: The schematic represen-
tation of photodegradation of CV dye by using nanocatalyst

Fig. 7. PL decay curves corresponding to the °Dg level of Eu* in Zn,O: . L . ..
Eu¥0:Bi® (0, 1 and 3 at.%) NPs with inset of the measured is shown in Fig. 9, whereas the photocatalytic activity of ZnO,
ZN0.040:EU®*0,03:Bi** g 03 decay signal ZN0.970:Bi%*0.03, ZN0.970:Eus*0 03, ZN0.060:EUs*0.03:Bi% 0,01 and

TABLE-2
Bi-EXPONENTIAL LIFE TIME (tay) OF ZnO:Eu*0.03:Bi®* (0, 1 AND 3 at.%) NPs AT Aex = 394 nm AND Aem = 615 nm
Bi (at.%) I1 T Ih (7] Tav (1S) Chi?
0 898.5455 168.7564 216.2214 939.6071 0.610 1.2593
1 918.4305 351.3353 254.6879 1865.7108 1.253 1.0267
3 878.6745 797.3146 143.5509 3701.3562 2.049 1.0774
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UV light
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Fig. 9. Photodegradation mechanism of CV dye by using nanocatalyst

ZN0.040:Eu0.03:Bi®*0.03 NPs under UV irradiation (7» = 365
nm) are presented in Figs. 10a-e and 11a. CV shows an absor-
ption peak at 590 nm and a decrease in this peak indicates the
degradation of the dye.

The photodegradation efficiency of the various photo-
catalysts over 180 min was calculated using eqn. 5 [46]:

A, -A,

Photodegradation efficiency (%) = x100 (5)

0
where A, is the initial absorbance value of dye solution, and
A represents its concentration value after photodegradation
at time t. Table-3 presents the degradation efficiency of all
synthesised nanocrystals against crystal violet (CV). Although
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Fig. 10. Photocatalytic degradation of CV by pure ZnO, Zno.s70:Bi%*0.03, Zno.s70:Eu%*0.03, and Zno.960:Eus*0.03:Bi%*0.01 NPs under UV irradiation
over 180 min
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Fig. 11. (@) UV-Vis absorption spectra of Zno.940:Eu®*0.03:Bi*0.03 recorded during the photodegradation of CV and (b) Photodegradation

efficiency of CV aqueous solutions using pure, doped and co-doped NPs under UV irradiation over 180 min



1720 Devi et al.

Asian J. Chem.

TABLE-3
PHOTODEGRADATION EFFICIENCY (%),
KINETIC RATE CONSTANT (k) AND
R? VALUES OF GROWN NANOCRYSTALS

Degradation Rate
Sample efficiency constant, R?
(%) k (min?)
CcVv 9.6 0.00055 0.75213
ZnO 89.5 0.01201 0.98941
ZN0.970:Bi** 0,03 92.2 0.01411 0.98997
Zno.970:Eu®*0.03 94.1 0.01495 0.95891
Zno.960:EUs*0.03:Bi®*0.01 96.5 0.01774 0.99060
Zn0.940:EU%*0,03:Bi**0.03 99.0 0.02388 0.98981

several studies have reported photocatalytic degradation of
CV using high-temperature synthesised and calcined materials.

As CV dye attributed to the triphenylmethane group
having cationic nature, which prefers in alkaline solution,
hence the degradation of CV significantly depends on pH value
[47]. The co-doped photocatalyst significantly enhanced
degradation efficiency toward CV dye compared to undoped
and singly doped ZnO samples. The degradation efficiency
was found to be highest when using Bi®*o 03 co-doped Zno ¢40:
Eu®*003 NPs as the photocatalyst (99%) compared to pure
ZnO NPs (89.5%). The plot of -In (C/C,) vs. time given in

attributed to the synergistic effect of Bi** and Eu®* dopants,
which enhances visible light absorption and promotes effect-
ive charge carrier separation. Bi®* acting as electron trapping
centres whereas Eu®* playing a role in bandgap modulation
and energy transfer process through its 4f-orbital transitions.
Due to most narrowing band gap, ZnoesO:Eu®*003:Bi* 003
mostly absorbed visible light and enhanced its photocatalytic
activity than other pure, doped and co-doped catalyst.

Comparative studies: As summarized in Table-4, the
synthesized ZnO/Eu**/Bi** photocatalyst achieved 99%
degradation of crystal violet (CV) dye within 180 min at an
initial concentration of 12.5 ppm, outperforming most previ-
ously reported pure and doped ZnO photocatalysts. Compared
with conventional ZnO-based systems, the enhanced perfor-
mance can be attributed to the synergistic effect of Eu®* and
Bi®* co-doping, which improves charge separation and supp-
resses the electron—hole recombination, resulting in superior
photocatalytic efficiency under UV irradiation.

Mechanism: During oxidation, the photogenerated holes
reacts with water molecules or hydroxide ions to generate
hydroxyl radicals (*OH) and in reduction; electrons are trapped
by the dopants and convert O; to superoxide radicals (*Oz").
These reactive oxygen species strongly oxidize and degrade
organic pollutants. The degradation mechanism is given below:

Fig. 11b decreas_es linearly with negatlve_ slope, S|g[1|fy_|ng ZnO+hv — ZnO (e +h*) (6)
that the degradation route follows pseudo-first-order Kinetics,
with the highest rate constant of 0.02388 min* for Zng¢4O: Bi* +e” — Bi* (e trapped/defect state) @)
Eu®*0.03:Bi%*0.03 (Fig. 12a-f). The enhancement in the photo- a 5 —
catalytic activity of Bi**o0s co-doped Zng.4s0:Eu®*o03 can be Eu™ +e" — Eu™ (recombination centre) ®)
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Fig. 12. Kinetic plots for photocatalytic degradation of CV under UV irradiation (a) CV blank solution and (b-f) pure, doped, and co-doped

ZnO NPs
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TABLE-4
SUMMARY OF REPORTED CV DEGRADATION STUDIES USING PURE
AND DOPED-ZnO PHOTOCATALYSTS UNDER UV EXPOSURE

Catalyst Synthesis method Time (min) conc;rqilt'lai::r?,?ppm) efo?(?i:e?']dcz;“(%Z) Ref.
ZnO Refluxing 80 10.0 88.9% [48]
ZnO/Ag Refluxing 80 10.0 95.0 [48]
Zn0O/C Biosynthesis 300 10.0 92.7 [49]
ZnO Spray pyrolysis 210 12.5 86.0 [50]
Zn0O/Co Spray pyrolysis 210 125 91.3 [50]
ZnO/In Spray pyrolysis 210 125 85.0 [50]
ZnO Co-precipitation 240 5.0 82.0 [51]
ZnO/GO Solid state reaction 240 5.0 99.0 [51]
ZnO Facile hydrothermal 120 30.0 70.2 [52]
ZnO/Fe304 Facile hydrothermal 120 30.0 90.9 [52]
ZnO/Eu**'Bi®* Co-precipitation 180 12,5 99.0 This work
e +0, — "0, (superoxide) (9)  cals. The principle of the method can be described as: (i) the
- *OH formed photocatalytically on the surface of Znge4O:
h*+OH™ —°"OH (10)

Organic pollutants+ O, + "OH —
CO, +H,O + Degraded product

Detection of hydroxyl radicals (*OH): The formation
of reactive oxygen species (ROS) exerts a significant influ-
ence in the photocatalytic degradation of various dyes through
reduction and oxidation reactions. Among the various ROS,
owing to their effective oxidizing efficiency, detection and
monitoring of these hydroxyl radicals (*OH) and superoxide
radical anions (*Oz") known as the most active species are
vital for insight into the reaction mechanism and estimating
photocatalytic efficiency. Since hydroxyl *OH are identified
as the main ROS involved in degradation, fluorescence-based
probe terephthalic acid (TA) for the detection of *OH via the
formation of fluorescence 2-hydroxyterephthalic acid (2-HTA)
over ZngosO:Eut*03:Bi%*003 NPs was selected owing to its
superior photocatalytic performance [2]. Upon UV irradiation,
photogenerated holes and electrons are generated on the photo-
catalyst surface. The photogenerated holes react with surface
hydroxyl groups or water molecules to create hydroxyl radi-

800
3+ .3+ 0, 0
(a) ZnO.MO:EU 0.0318' 0.03
—— 0 min

— —— 20 min
:5 6004 = 40 min
= — 60 min
%‘ =80 min
S ~——— 100 min 0 =
B ~—— 120 min *OH
= 4007 —— 140 min l
9 —— 160 min o 0
3 —— 180 min
12}
o
S 200+
™

0 b T T T -

350 400 450 500 550 600 650 700

Wavelength (nm)

Eu®0.03:Bi%*0.03 NPs react with TA to produce 2-HTA (ii) the
resulting 2-HTA shows a prominent fluorescence emission
peak at 425 nm when Aex= 315 nm. The intensity of the gene-
rated fluorescence of 2-HTA gradually increases with UV
irradiation time (0-180 min), as shown in Fig. 13a and allows
correlation with photocatalytic activity.

Reduction of superoxide radical anions (*O27): The
generation of superoxide radicals (*O2") while the photo-
catalysis was studied using the reduction of nitro blue tetra-
zolium (NBT) as shown in Fig. 13b. In this study, NBT act
as a preferential probe molecule for *O2 species, where pale
yellow colour NBT underwent reduction into purple-blue
coloured insoluble formazan (NBT+F). The NPs-NBT mix-
ture show noticeable NBT+F within 20 min of UV exposure,
indicating efficient electron transfer occur from the conduc-
tion band of the photocatalyst.

The simultaneous observation of both *OH and *O, radicals
strongly reveals that these are primary ROS species resulting
in the photocatalytic activity. Among them, *OH radicals are
likely developed through valence-band hole-driven oxidation
pathway, while *O; radicals are subsequently arising via

1.8
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Fig. 13. Schematic illustration of ROS generation (a) hydroxyl (*OH) and (b) superoxide (*Oz") radicals under UV irradiation
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electron transfer to adsorbed molecular oxygen. Hence, the
mechanism of photocatalytic degradation follows via a syner-
gistic ROS route including both oxidation and reduction phen-
omena, which altogether play a role to the efficiency degradation
of organic pollutants.

Recyclability studies: The recyclability of the photocatalyst
was carried out up to five successive cycles for the degrada-
tion of CV to assess its practical applicability. The degrada-
tion efficiency slightly decreases from ~98.7% (cycle-1) to
~96.1% (cycle-5) was observed after repeated use (Fig. 14).
The gradual decrease in catalytic activity may be due to
partial loss of NPs during washing or aggregation of NPs
during recycling. To further verify the structural stability of
the NPs, the PXRD was carried out on used sample. The

100

98.7% 98.1% 97.1% 96.8% 96.1%

B ()] o]
o o o
1 L 1

Degradation efficiency (%)

N
o
1

0 v v .
1 2 3 4 ]

Cycle number

Fig. 14. Photocatalytic degradation efficiency of ZngeO:Eu®03:Bi* 003
catalyst over five successive cycles

XRD patterns in Fig. 15, showed no extra peak or visible shift
in peak positions, confirming that the pure structure of ZnO
remain unchanged after five cycles. The slight variation in
crystallite size after reuse does not significantly influence
phase purity, confirming the structural durability of the
catalyst.
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Fig. 15. PXRD patterns of as-prepared and reused Znog,O: Eu**03:Bi%** 003

catalyst

Furthermore, the UV-Vis spectra (Fig. 16a-e) recorded
over five consecutive cycles reveal a consistent decrease in
the characteristic CV absorption peak (~590 nm) with irradia-
tion time, confirming effective dye degradation by the Zngg4O:
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Fig. 16. UV-visible spectra of photocatalytic degradation efficiency of Zno.04O:Eu®*0.03:Bi*0.03 catalyst over five successive cycles
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Eu®*0.03:Bi%*0.03 photocatalyst. Similar spectral trends across
all cycles indicate that the catalyst largely retains its photo-
catalytic activity during reuse. Despite a slight decline in
degradation efficiency from 98.7% to 96.1%, near-complete
removal of CV was achieved after 180 min in each cycle.
Combined with the unchanged PXRD pattern after recycling,
these results demonstrate the excellent stability, durability,
and reusability of the catalyst for wastewater treatment appli-
cations.

Conclusion

Pure ZnO, Zno,97OZEU3+o,o3, Zno,97OZBi3+o,o3, Zno,gaoZEU3+o,o3Z
Bi®*0.01and Zno.940:EU%*0.03:Bi%*0.03 NPs have been synthesised
by co-precipitation technique. The PXRD study confirmed that
all nanoparticles correspond to hexagonal wurtzite structure
with no other secondary phases. The NPs are at the nanoscale,
with an average diameter ranging from 8 to 11 nm. The emission
intensity of Eu®* at 615 nm, corresponding to the 5Do—'F;
transition, was significantly enhanced by Bi®* co-doping. Bi®*
(1 at.%) co-doped ZnpgsO:Eu** o3 increased the intensity under
393 nm excitation, while Bi** (3 at.%) co-doped ZnoeO:
Eu®*0.03 enhanced the excitation as compared to singly Eu®*o03
doped Zng ;0. Furthermore, Bi** (3 at.%) co-doped Zno 4O:
Eu3*0.03 demonstrated superior photocatalytic efficiency com-
pared to the pure and singly doped ZnO samples, making it a
potential candidate for light-driven wastewater treatment
applications.
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