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Abstract

Pure and Fe-doped Bi,03 nanorods were synthesized using a hydrothermal method and
characterized by XRD, FTIR, Raman, FE-SEM, BET, UV-VIS, VSM, and PL. The impact of Fe doping on
Bi; 03 causes variation in properties. The 0.5% Fe-doped sample exhibited high surface area
(21.732m?/g) and defects, resulting in exceptional photocatalytic efficiency (93.37%) for Methylene
Blue dye degradation under visible light. In addition, their magnetic properties were also
investigated, along with observing improved antimicrobial activity. The 0.5% Fe-doped Bi,03
exhibited a notable 20mm diameter zone of inhibition against bacteria and 23 mm against fungi,
highlighting. This study highlights the versatile potential of Fe-doped Bi;O3 nanorods in
photocatalysis and antimicrobial applications.
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Introduction

In environmental protection, the quest for stable photocatalysts with enhanced antimicrobial
activity that exhibit specific electrical and optical characteristics, with strong photoactivity mainly
in the visible, to be harmless and cost-effective using ecological methods of fabrication is of high
interest nowadays [1]. Numerous types of research are going on the photocatalytic activity and
antibacterial activity for various pollutants and bacteria utilizing various semiconductor materials,
including TiO, [2], ZnO [3], [4], CuO [5], SnO, [6], Bi»03 [7], [8], Fe;03 [9], GO-based composites [10].
Because of its cost-effective, harmless, and oppose to photo corrosion nature, titanium oxide has
been the most widely used for photocatalytic application. TiO, has a large band gap (3.2eV), which
lowers its photo response in the visible part of the spectrum and restricts the range of its viable uses
[11]. Therefore, it was thought that semiconductor photocatalysts operated by visible light might be
useful for removing contaminants from the environment [12]. Gold (Au) [13] and silver (Ag) [14]
based nanomaterials have been employed in treatments of microbial infections and have shown
great results. However, due to its diverse and multifunctional features, narrow band gap (2.1-2.8eV)
nano-structural Bi;O3 has emerged as a promising photocatalyst among oxide semiconductors that
may be employed for antimicrobial activity. Bismuth oxide’s efficient electron conductivity emerges
from its essential polarizability, which is caused by the Bi 6s2 lone electron pairs [15]. Bi,O3 is a
semiconductor of the p-type with six different phases of crystalline structure [16], which are a-
Bi,O3(Monoclinic) [17], B-Bi;O3(tetragonal) [ 18], y-Bi,O3(Body-centered cubic) [19] and 6-Bi,O3(Face
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cantered cubic) [20], e-Bi203(orthorhombic) [21], and o»-Bi203 (triclinic) [22] respectively. Among
them, the a-Bi;O3 monoclinic phase is stable at low-temperature and the §-Bi,O3 cubic phase is
stable at high-temperature, while the other phases are metastable at high-temperature.

One of the best applications of Bi,0j3 is photocatalytic activity and antimicrobial activity.
Photocatalytic activity occurs on the surface of Bi;O3 [23]. Bismuth oxide (Bi,03) has antibacterial
capabilities due to its crystal structure (cubic and monoclinic phases), which influences its contact
with microorganisms [24]. When it comes into contact with fluids, it produces reactive oxygen
species (ROS), which are harmful to bacterial components. Bi;O3 nanoparticles cause leaks and ion
imbalances in cell membranes, obstruct enzymatic activities, and perturb cell surfaces,
compromising integrity and nutrient absorption [25]. Bismuth ions released from Bi,O3 upon fluid
contact add to bacterial cell damage. These effects make Bi;O3 a potential antibacterial agent. But
Because of the rapid recombination of photo-generated electron-hole pairs, the photocatalytic
activity and antimicrobial activity of pure bismuth oxide is rather low [26]. Inspired by this issue, it
is critical to take steps to prevent electron and hole recombination. To solve this problem and to
enhance the properties of photocatalytic and antibacterial activity of Bi,Os, it could be doped with
some metal ions like Fe, Cr, Zn, Ag, Cu, Sn, etc. Doping of Fe ions act as electron traps, limiting
recombination of photo-generated electron-hole pairs, improving charge separation capacity and
utilization of these charges for photocatalytic processes, resulting in increased activity [27].
Recently, doping of Fe has shown enhancement in the photocatalytic activity of semiconductors
made of TiO, and C3Ny4 for the production of ammonia [28]. Fe doping can enhance antimicrobial
activity due to its ability to generate reactive oxygen species (ROS) via photocatalysis. These ROS,
like hydroxyl radicals, attack microbial cell walls and components, promoting microbial degradation
[29].

Pure and Fe-doped Bi;03 were synthesized using a hydrothermal method and thoroughly
characterized through XRD, FTIR, Raman, FESEM, EDAX, UV-DRS, VSM, BET, and PL analysis. The
impact of Fe doping on Bi,03’s phase transition, crystalline size, surface area, defects, and
magnetization was studied. Fe doping influenced these properties, with varying effects at different
concentrations. Regarding applications, Fe doping exhibited a remarkable influence on the
photocatalytic and antimicrobial properties of Bi;O3. The incorporation of Fe ions led to enhanced
photocatalytic activity, attributed to improved charge separation and surface reactivity. Additionally,
Fe-doped Bi;03 demonstrated an amplified antimicrobial effect, ascribed to the generation of
reactive oxygen species. This dual enhancement in photocatalysis and antimicrobial activity
underscores the innovation and multifunctionality of Fe-doped Bi;03, paving the way for novel
applications in environmental and healthcare domains.

Experimental details

Synthesis of pure and Fe doped bismuth oxide

The chemicals employed were all analytical pure-grade chemicals provided by Fisher Scientific
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Company, and neither of them required further decontamination. Pure and Fe-doped Bi,03
nanorods with various concentrations(0, 0.3, 0.5, and 0.7%) were made via hydrothermal synthesis.
For the synthesis of pure Bi,O3 nanoparticles, 0.2M Bismuth Nitrate Pentahydrate (98%) and 1M
Hexamethyltetramine (99%) were separately dissolved in 25mL of DI water. HMTA solution was
incorporated while stirring continuously to the Bismuth Nitrate pentahydrate solution. To keep the
pH at 12, ammonia was added drop by drop, and the solution was continuously stirred for an hour.
The solution was placed into the Teflon-lined stainless steel autoclave. In a muffle furnace, the
autoclave was tightly sealed and the temperature was maintained at 150°C for 12h. Then the system
was cooled at room temperature. The prepared samples were filtered and washed with DI water and
ethanol. Finally, all the samples were dried at room temperature. HMTA, bismuth nitrate
pentahydrate, and ferrous chloride hydrated (98%) were used in the production of Fe-doped Bi,03 at
concentrations of 0.3%, 0.5%, and 0.7%.

Photocatalytic experiment

The dye degradation experiment of the pure Bi;O3 and Fe-doped Bi,O3 nanorod was evaluated by
quantifying the amount of azo dye that was decorated during exposure to natural sunlight. During
the photocatalysis, 100mL of dye solution of Methylene blue (MB) containing 20mg L™! of the
species' concentration (Cy) was added to the 0.2g photocatalyst powder. Before being exposed to
natural sunlight for irradiation, the final MB solution was continuously stirred for 20min in a
darkroom.

In Aurangabad, Maharashtra, India, during the summer, samples of produced dyes were exposed to
solar light from 11 a.m. to 2p.m. for the photocatalytic experiment. 19.85°N and 75.35°E are the
latitude and longitude, respectively. The average daily solar energy output for the summer was
determined to be about 6.80kWh/m2/day. The photocatalyst were separated using centrifugation at
500rpm for 5 mins before UV-Vis measurements. Approximately 2mL of the sample was injected,
and the absorbance spectra of the degraded solution were recorded to monitor the observed
absorption peak, which was analyzed to assess the extent of degradation of each species. This was
done at 30-min intervals of illumination. After 20min of stirring, MB dye was subjected to natural
sunshine irradiation between the hours of 11 a.m. and 2p.m. During this time, photocatalyst powder
dropped to the bottom of the beaker and was collected for use in subsequent processes, such as the
degradation of recycled materials.

Antibacterial experiment

The antibacterial activity of the synthesized pure and Fe-doped Bi,O3 was tested using the well
diffusion technique with the gram-positive bacterium Bacillus. The sterilized Petri plates were filled
with the prepared Nutrient agar and allowed to solidify. It was swabbed with 24-hour developing
bacterial cultures (E. coli). A cork borer was used to create the four wells (10mm in diameter).
Dimethyl sulphoxide was used to dissolve pure and Fe-doped Bi;03 nanorods, which were then
placed into the wells. The plates were then incubated for 24h at 37°Celsius. The inhibition diameter
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was measured after incubation.

Antifungal experiment

The antifungal activity of the Pure and Fe-doped Bi,03 nanorods was evaluated using a well
diffusion technique. To perform this test, fungi named, Aspergillus flavus were selected. Then, 30mL
potato dextrose agar and agar agar powder were poured into the sterile petri dish and allowed to
solidify. Pure and Fe-doped Bi,03 nanorods were dissolved in Dimethyl sulphoxide and loaded in
the wells. The plates were incubated for 24-48 hr for fungi stains. The antifungal activity of the
samples was determined by measuring the inhibition zone (mm).

Materials characterizations

The characterization of Pure and Fe-doped Bi203 samples involved a range of techniques. To
determine structural parameters, X-ray diffraction patterns were obtained using a D-8 Advanced
diffractometer (Bruker AXS, Germany) with monochromatic CuKa radiation and a scintillator
detector. Surface morphology and elemental composition were studied using Field Emission
Scanning Electron Microscope (FE-SEM) and energy-dispersive X-ray analysis (EDAX) on a ZEISS
Gemini FE-SEM. Optical properties, including absorption and fluorescence spectra, were examined
using an Avantes UV-Vis spectrometer with a Photoluminescence study. Chemical bonding was
explored via Fourier transform infrared spectroscopy (FT-IR) on a Bruker, Germany, model: Vertex
70 spectrometer, in the wavelength range of 500-4000cm™!. Raman spectroscopy (Perkin Elmer)
was employed to investigate vibrational and phonon modes. Specific surface area, pore radius, and
pore volume were determined using Quanta chrome ASiQwin 1994-2017 BET Autosorb iQ
instrument system, utilizing the dynamic Brunner-Emmet-Teller (BET) method with N2 gas
adsorption at 77.35K. Magnetic properties were measured using VSM (VSM 7403) at room
temperature and magnetic field+10 KOe. These techniques collectively provided comprehensive
insights into the properties of the samples.

Results and discussion

XRD

Fig. 2 depicts the X-ray diffraction pattern of pure Bi,O3 and Fe-doped Bi;O3 nanorods. According to
the XRD pattern, pure Bi;O3 nanorods have a monoclinic structure with space group P21/c [30].
23.84, 25.69', 27.33,30.19,, 33.03, 37.54’, 46.29’, 52.32" are the observed 26 peaks, and which are
consistent with a-Bi,03(020),(002),(-120),(012),(200),(112),(041),(03 3), lattice planes.
The obtained XRD result is consistent with the previously reported publications (JCPDS card no: 00-
014-0699) [31]. The lattice parameters of the synthesized pristine a-Bi,O3 are found to be
a=5.8500A, b=8.1660A, and c=7.5100A using the formulae below [31].

& sin? B

1 1 [h? K sin?p 2 2hlcosp
(7 + 2 e
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After doping of Fe, a monoclinic phase has been changed to cubic Fe doped 6-Bi,0s. In Fig. 1. (b) (c)
(d) at 23.84', 27.48’, 30.19’, 33.03, 42.22°, 46.99’, 52.25’, 56.90" are the observed 26 peaks and so on are
consistent with cubic (0.3%, 0.5%, 0.7%) Fe-Bi,03(220),(310),(222),(321),(332),(521),(03
5), (6 2 0), lattice planes. The occurrence of Fe-doped Bi,O3 may be categorized as a surface
(interface) effect. As the concentration of Fe increased, the cubic phase took predominance [32]. As
shown by the results in Fig. 1, this pattern also appears at higher temperatures. The strength of the
peaks rises as the concentration of Fe rises. This cubic phase's lattice parameter is determined to be
a=9.4808 using the formula below:

d% — (h2+k2 +l2)é

Autoclave

— oA

Stirred for 1 Fitered, washed
d hr and dried i
BI(NO,),SH,0 Fe doped Bi,0,
\ HMTA+FeCl, Powder
- Heated at 150 °C
After
calcination

Phtocatalytic activity

=)/ Fe doped Bi,O,
(7 Antimicrobial activity nanorods

Download : Download high-res image (361KB)

Download : Download full-size image

Fig. 1. Schematic diagram of the synthesis of pure and Fe-doped Bi,03 nanorods.
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Fig. 2. XRD graphs of Pure Bi,O3 and 0.3%, 0.5% and 0.7% Fe doped Bi,O3

The crystallite size was calculated by the Debye-Sherrer formula and the lattice parameters
including dislocation density (8), microstrain (&), and stacking fault (SF) were also calculated and
summarized in Table 1 [1]. From the following equations, the crystallite characteristics of all
samples, dislocation density, microstrain, and existent stacking faults were analyzed.

Dislocation density () = #
6) _ ﬂczw

Stacking fault (S. F) = [%] B
2

Table 1. Calculated crystallographic parameters of pure and Fe-doped Bi,03 samples.

Sample Volume Crystallite Size Dislocation Density (lines/ Microstrain Stacking Fault
(A)? (nm) m?) (e) (SF)
Pure BiO3  331.67 37.00 0.00117 0.00109457 0.002184
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Sample Volume Crystallite Size Dislocation Density (lines/ Microstrain Stacking Fault
(A)? (nm) m?) (e) (SF)

0.3% Fe- 839.01 25.91 0.00152 0.00134097 0.002573
Biy03

0.5% Fe- 852.20 25.44 0.00176 0.00141822 0.002714
Bi203

0.7% Fe- 757.43 27.45 0.00136 0.00126035 0.002385
Bi,03

When the concentration of Fe changes from 0%, 0.3%, 0.5%, and 0.7%, the crystallite size reduces
from 37 to 25nm. Additionally, it shows that Bi,O3 with greater Fe doping has a larger unit cell
capacity. Fe doping disrupts Bi,03’s atomic arrangement and stability, inducing lattice distortions
and defects due to differences in size and charge between Fe and Bi ions [33]. This shift favors a
cubic phase due to distinct ionic radii [26]. Doping a small amount (0.5%) of Fe to Bi;O3 disrupts its
crystal structure due to differences in ion sizes. This creates defects, hindering crystal growth and
causing the size to decrease. Higher(0.7%) Fe concentration promotes nucleation, aiding new
domain formation, slightly increasing Bi;O3 crystalline size. More grain boundaries develop as the
grain size decreases, and the number of dislocations rises as one-dimensional defects occur, which
is a result of the doping of Fe [34]. We observe that when crystallite size decreases, microstrain and
dislocation density enhances. The presence of defects in the material is indicated by the dislocation
density, microstrain, and stacking faults. These defects in Fe-doped Bi;O3 enhance photocatalytic
activity by slowing the recombination rate of photoexcited charge carriers [35].

FTIR analysis

The chemical composition of prepared Pristine and Fe-doped Bi,03; powders was examined by FTIR
spectroscopy in the range of 500-4000cm™! and data are given in Fig. 3. Bi-O vibrations may have
been responsible for the strong peak at 1386cm™! [36] which is well-matched with the published
literature [30], [37]. With an increase in the doping percentage, a significant rise in peak intensity
was seen. When Bi ions were doped with Fe ions in the Bi-O lattice, the density of the defect state
around the Bi ions changed, which was the reason for the increase in peak intensity [38]. Doping
with Fe ions reduces grain size. For NPs, it is a frequent occurrence that tiny variations in the
environment cause a shift in the distinctive vibrational frequencies of functional groups. The
increase in vibrational frequency results from the reduction in grain size [39]. Fig. 3 shows that the
two significant vibrational mode frequencies, v 1 and v,, are present in the spectra and fall around
the range of 575--560cm™! and 540-520cm™ !, respectively. The stretching at the interstitial
tetrahedral (A) and octahedral (B) sublattices is attributed to these two vibrational mode
frequencies (v1 and v), respectively [40]. Wavenumber and stretching of the material are depicted
in Table 2.
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Fig. 3. FT-IR spectra of pure and (0.3%, 0.5%, and 0.7%) Fe-doped Bi,O3 samples.

Table 2. Wavenumber and stretching for the synthesized pure and Fe-doped Bi,05,

Sr. No. Wavenumber Stretching
1 1388 Bi-O
2 850 Bi-O
3 580 Fe-O
4 552 Fe-O
5 518 Fe-O

Raman spectroscopy
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Raman spectroscopy aids in the analysis and characterization of material composition, crystalline
structure, and defects present in a variety of materials, including polymers, semiconductors,
ceramics, and nanomaterials [41]. Raman spectra of pure and Fe-doped Bi,03 were observed in the
range 0-1200cm™! in Fig. 4. According to group theory, irreducible representation for optical modes
with well-existing 15A;+15B, for monoclinic BiyO3 is given by [42]:

T = 15A, + 15B, + 14A, + 1B,
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Fig. 4. Raman spectra of Pure Bi;O3 and (0.3%, 0.5%, and 0.7%) Fe doped Bi,Os.

Four first-order Raman modes are active: the non-degenerated Aqg, Bl and By, modes and the
doubly degenerated E; mode. Ay and By are silent modes. One A, and two Eu modes are acoustic
and have transverse (TO) and longitudinal optical (LO) vibrations [43]. Energy position (cm™),
Overtones, and obtained from RAMAN spectroscopy for the Pure Bi,03, Fe doped Bi;O3 samples
were depicted in Table 3. The movements of the Bi cations from configurations are responsible for
the Raman bands in the spectral area between 50 and 500cm™!, while the Bi-O-Bi and Bi-O
vibrations produce the bands in the region between 200 and 550cm™! [37]. Raman spectra of Bi;03
samples are often described by considering three distinct regions: below 120cm™!, between 120 and
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150cm™, and above 150cm™ [42], [44]. The Bi-O stretching, or the displacement of O concerning Bi
is what causes the vibrational modes at 152 and 183cm™!. The vibration of the same oxygen atom in
the Bi,O3 structure is responsible for the peak at 210cm™!. The symmetric stretching vibrations of
the Bi-O atoms represented by (Ag, Bg) were held accountable for the band at 314cm™! [45], [46]. In
addition to new bands appearing, certain peaks also move to the higher wavenumber side, showing
an increase in force constants following Fe doping. As can be observed from the plots, the doping
action of Fe in Bi,03 has caused the peaks to move to higher frequencies [47]. Additionally, a band
due to oxygen vacancies (as defects) was noticed at around 530cm ~!. Raman spectra shows one
Raman active phonon of Tyg at 622 cm™! [48]. A careful examination of the Raman spectra of the Fe
doped-Bi,03 shows weak bands 666,724, 826, and 1064cm™! that could be associated with the
rearrangement of the anionic sub-lattice, i.e. oxygen ions and vacancies [49].

Table 3. Energy position (cm™), Overtones, and obtained from RAMAN spectroscopy for the Pure
Bi,03, 0.3% Fe-Bi,03, 0.3% Fe-Bi03, 0.3% Fe-Bi,03 samples.

Pure Bi;03 0.3% Fe-Bi,03 0.5% Fe-Bi;03 0.7% Fe-Bi03 Overtones and
(cm™) (em™) (em™) (cm™) combinations
117 122 118 119 Ag
152 146 151 153 Bg
183 182 182 Aqg
211 208 210 By
279 252 278 279 Bg
314 312 312 (Ag)
446 445 446 Bg
530 512 527 531 Ag

622 620 Tog
666

724

1067 1068 1067

Microscopy analysis (FE-SEM)

FE-SEM was used to examine the surface topography of the produced Bi,0s. Fig. 5. Shows high-
resolution images of pure and Fe-doped Bi,O3; which has a thick and agglomerated nanorod-like
structure. It's intriguing to note that a small number of the nanorods are joined at one of their bases,
which may be the result of the nanorods growing in high density and have a random orientation.
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The surface roughness and the microscopic particles grow denser and narrower after Fe doping;
hence, the agglomeration of the nanorods with adjacent ones may be related to the greater relative
surface-to-volume ratio, which causes an increase in forces of attraction among the nanoparticles
[50]. The smaller nanorods that are connected to the larger nanorods in the micrographs may also
be observed in addition to the high aspect ratio nanorods. The nanorods have smooth, pristine
surfaces all along their length [30].

IR

Download : Download high-res image (493KB)

Download : Download full-size image

Fig. 5. SEM micrographs of a) Pure Bi;O3 and b)0.3%, ¢)0.5%, and d) 0.7% Fe doped Bi,O3 with various
concentrations.

EDS analysis

The fundamental composition of synthesized materials is examined using energy-dispersive X-ray
analysis (EDAX), which is also used to confirm the proper incorporation of dopants and the
production of Bi;O3 nanoparticles. Fig. 6 displays the EDAX signals of pure Bi,O3 and Fe-doped Bi,03
at various concentrations. Sharp indications of Bi and oxygen were discovered for pure Bi,O3
nanoparticles, indicating the growth of the particles as illustrated in Fig. 6 a. For the Fe-doped
sample, Fe signals were additionally discovered to the Bi and oxygen signals, demonstrating that Fe
was effectively incorporated into the Bi,O3 in Fig. 6 b, ¢, and d.

12 of 37 6/16/2024, 3:47 PM


https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr5_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr5_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr5_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr5_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr5_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr5.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr5.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr5.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr5.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr5.jpg

Magneto-optical properties of Fe-doped bismuth oxide nanorods for ph... https://www.sciencedirect.com/science/article/pii/S2211715623003223...

S

ull Scale 1575 cts Cursor: 0.000

8
5 a0 0 5 15 20

ka\/JFull Scale 1575 cts Cursor: 0.000 ke,

Spectrum 1

T
5 10 15 20 0 5 10 15

Full Scale 1575 cts Cursor: 0.000 K&yl Scale 1575 cts Cursor: 0.000 ke

Download : Download high-res image (147KB)

Download : Download full-size image

Fig. 6. EDS graphs of Pure Bi;O3 and (0.3, 0.5, and 0.7%) Fe doped Bi,0s.

The elemental composition of pure and Fe-doped Bi;03 nanorods was depicted in Table 4. The
obtained Fe-doped Bi;O3 compositions are pure and free of contaminants, which is an essential
point to consider.

Table 4. Elemental composition of pure and Fe-doped Bi;03 nanorods.

Samples Bi(%) 0(%) Fe(%) Total
Pure Bi;03 23.55 76.45 - 100
0.3% Fe-Bi,03 24.98 75.77 0.25 100
0.5% Fe-Bi,05 25.86 73.67 0.47 100
0.7% Fe-Bi,03 23.14 76.18 0.68 100
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UV-Vis diffuse reflectance spectra

Using DRS at room temperature, the optical reflectance of each sample of pure Bi;O3 and Fe-doped
Bi; 03 was examined. The results are presented in Fig. 7. The reflectance spectra for pure Bi;O3 are
assigned to 430nm. The reflectance spectra have been allocated a wavelength between 420 and
500nm. Fe particle doping affects the band gap tuning in a way that causes the band gap to narrow
as it approaches the UV region. Recognizing the quantization effect and the interaction of doping
with Fe-Bi,03 is made simpler due to this absorption spectrum. The electron transition from the
valence band to the conduction band, which corresponds to the reduction in the gap between the
bands after doping, can be seen in the reflectance spectrum of the doped catalyst at about 430nm.
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Fig. 7. UV-VIS spectra of Pure Bi,03 and 0.3%, 0.5% and 0.7% Fe doped Bi,Os.

The most well-known “Tauc plot” [(ahv) 2 v/s (hv)] was developed with the assistance of UV-Vis
reflectance spectral data to determine the optical bandgap energy (Eg) values of the produced
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samples. Additionally, based on the DRS results, the band gap energies of the samples as prepared
were determined using the formula (1)

ahv = A(hv — Eg)"? (1)

where q, h, v, Eg, and A are the absorption coefficient, Plank constant, light frequency, band gap
energy, and a constant, respectively. Among these, n is governed by the semiconductor's optical
transition type. As a result, the Eg was estimated to be between 2.82 and 2.19, as shown in Table 2
below, using a plot of (ahv)1/2 vs energy (hv). Synthesized samples of pure Bi;O3 and Fe-doped
Bi; O3 with varying Fe concentrations are shown in Table 5. The table shows that the band gap
reduces as the concentration of Fe rises. The significant interaction of the band boundary of the
electron transition between the molecules of bismuth, oxygen, and Fe is demonstrated by the
redshift caused by the addition of Fe dopant [51]. The significant red shift in the band gap seen may
thus be explained by the sp-d exchange interaction between valance band electrons and confined d
electrons of Fe in Bi;03. Positive and negative corrections to valence and conduction bands were
caused by sp-d exchange interactions; as a result, band-gap narrowing occurred in systems with sp-
d exchange interactions [52]. The formation of electrons and holes will be considerably simpler
when excitation due to the effect of photon energy from UV light irradiation takes place because the
energy required for electrons to travel from the valence band to the conduction band is decreasing
[53]. The photocatalytic activity can be increased by increasing the creation of electrons and holes
[54].

Table 5. Synthesized Samples and their observed band gaps.

Samples Band Gap (Eg)
Pure Biy03 2.82eV
0.3% Fe-Bi,03 2.49eV
0.5% Fe-Bi04 2.33eV
0.7% Fe-Biy05 2.19eV

Magnetic properties

The magnetic behavior of Fe-doped Bi;O3 material depends on the alignment and interaction of
magnetic moments within the crystal lattice. At ambient temperature, VSM was used to analyze the
magnetic behavior of the powder made from synthesized Fe-doped bismuth oxide nanoparticles.
Fig. 8 displays the field-dependent magnetization curves of pure Bi,O3 and Fe-doped Bi,03 at
different concentrations. Table 6 summarises the measured values of saturation magnetization,
coercivity, retentivity, remanence ratio, and magnetron number for both pure and Fe-doped Bi;0s.
From the table we can see that, the magnetization saturation value of the Bi,O3 and (0.3, 0.5, and
0.7%) Fe doped Bi;03 core was measured to be 0.15353, 0.20429, 0.85175, and 0.5765 emu/gm. 0.5%
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Fe-doped Bi,03 shows the highest magnetization as compared to other samples. The coercivity of
the prepared samples was found to be 45.310, 39.426, 28.395, and 34.761 Oe.
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Table 6. Calculated Magnetic properties of pure and Fe-doped Bi,03

Samples  Coercivity Magnetization (Ms) Retentivity (M;) Remanence ratio/ Magnetron
Oe emu/gm emu/gm Retentivity ratio Number (nB)

Pure Bi,O3 45.310 0.15353 0.009665 0.062953 0.543416

03 %Fe-  39.426 0.20429 0.027319 0.133727 0.715697

Biy03

0.5%Fe- 28395 0.85175 0.031677 0.03719 0.093641

Bi,03
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Samples Coercivity Magnetization (M;) Retentivity (M;) Remanence ratio/ Magnetron

Oe emu/gm emu/gm Retentivity ratio Number (nB)
0.7% Fe- 34.761 0.5765 0.039301 0.068172 0.135803
Biy03

After Fe was doped in the Bi;O3 shell, the saturation magnetization increased while the coercivity
decreased. At 0.5% Fe doping in Bi,O3, magnetization is optimized due to cooperative interactions
between dopants and the lattice. Exceeding this optimal level (0.7%) disrupts crystal structure,
forming non-magnetic phases, and decreases magnetism. Higher concentrations introduce defects,
altering the crystal arrangement and reducing magnetization. Two processes in nanoparticles may
contribute to a decrease in coercivity: (a) changing from a single-domain to a multi-domain state,
and (b) a decrease in surface anisotropy with particle size [55]. All the investigated materials' M-H
graphs at room temperature (Fig. 9) had superparamagnetic characteristics as shown by minimal
coercivity and remanence magnetization. As a result of the increased density of the bulk and lattice
strain in the current situation, magnetization values have increased. Additionally, the Pure Bi,O3 and
Fe-doped Bi;03 samples had multi-domain structures, as shown by the remanence ratio (M;/Ms)
value is too low in comparison to 0.5 [56]. According to the aforementioned discussion, an increase
in magnetization is primarily related to an increase in oxygen vacancies in addition to the presence
of magnetic Fe ions within the Bi,O3 lattice. These findings are in good agreement with PL results,
and they explain how superparamagnetic behavior develops in Fe-doped Bi,03 nanostructures [57].
According to this evidence, the material could show enhanced photocatalytic and antimicrobial
gestures.
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Fig. 9. Photodegradation of Methylene Blue dye by (a) Pure Bi,03, (b) 0.3% Fe-Bi;03, 0.5% Fe-
Bi;Osand (c) 0.7% Fe-Bi,03_ (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Photocatalytic activity

It would be reasonable to assume that reducing crystal size, expanding surface area, and red-
shifting absorption edges might all improve photocatalytic activity in photocatalysts. The
photocatalytic effectiveness of each powder as it was fabricated was examined and depicted in Fig.
9. One of the most challenging naturally degradable dyes is methylene blue. The photocatalytic
activities of Pure and Fe-doped Bi;O3 nanoparticles were interfered with to investigate the effects of
transition metal doping on the degradation rate. The MB dye's photodegradation in aqueous
solution when exposed to sunlight was used. The maximal photodegradation was estimated using
the formula below to determine the photodegradation efficiency in (%):

PhotodegradationEf ficiency(%)= (C";—?O") X100

The findings of kinetic investigations on pure and Fe-doped Bi;O3 samples are depicted in Fig. 10 a
and b. Our samples correspond to the relationship shown below for the photodegradation of

18 of 37 6/16/2024, 3:47 PM


https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr9_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr9_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr9_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr9_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr9_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr9.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr9.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr9.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr9.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr9.jpg

Magneto-optical properties of Fe-doped bismuth oxide nanorods for ph... https://www.sciencedirect.com/science/article/pii/S2211715623003223...

methylene blue, which is a pseudo-first-order kinetics connection.
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Fig. 10. a) Plot of time versus C/Cy and b) plot of time versus log (Cy/C;) and c) Variation of the
relative concentration of MB dye solution under visible light irradiation in the presence of pure
Bi,03 and 0.3%, 0.5%and 0.7% Fe-doped Bi,03 nanorods over 5 cycles.

Table 5 included information on the photodegradation effectiveness and pseudo-first-order rate
constant (k) of unsubstituted and Fe-substituted Bi, O3 samples. Pure Bi,O3 and samples with 0.3%,
0.5%, and 0.7% Fe substituted Bi,O3 had photodegradation efficiency that was 87.50%, 84.96%,
93.37%, and 89.21%, respectively. Variations in recyclability were observed, and this was specifically
confirmed. According to Fig. 10 (c), recycling was shown in the Pure Bi,03 and the 0.3%, 0.5%, and
0.7% Fe substituted Bi,O3 samples. The photocatalytic effectiveness decreased after the five cycles
were finished, but the chemical stability was still good.
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Table 7. gives information about the comparison of previously published and present research work
of Fe doped photocatalyst.

Table 7. Comparison of previously published and present research work of Fe doped photocatalyst.

Sr.No Sample Synthesis Method Source Dye Efficiency Reference

1. Fe doped TiO, Wet impregnation method UV light irradiation MB  19% in 150min [58]

2. Fe doped ZnO Co-precipitation method UV light irradiation MB 58% in 150min [59]

3. Fe doped TiO, Impregnation method LED solar simulator Rh.B 85%in 3.5 hr [60]

4. Fe doped CdO Hydrothermal Visible source MB 58.8% for 80min [61]

5. Fe doped Bi,O3 Hydrothermal Sunlight MB 93.37%in 150min Present Work

Photodegradation efficiency and Pseudo-first-order rate constant (k) of pure and Fe-substituted
Bi, 03 samples are incorporated in Table 8. Due to the synergistic interaction between Fe and Bi,03,
the photocatalytic activity of Fe-doped Bi,03 is greater than that of pure Bi,03. The material that is
doped with 0.5% Fe has the highest degrading efficiency (93.37%), and the rate constant k=0.0075 at
150min. According to the results, adding Fe to Bi,O3 up to a concentration limit of 0.5% would boost
photocatalytic activity, but adding more above 0.5% will reduce it, as indicated in the table below.
These findings align with earlier studies [33]. The BET analysis findings show 0.5% Fe-doped Bi;03
has a large surface area and a large specific surface area can boost photocatalytic activity. The
fluorescence intensity of the 0.5% Fe-doped Bi;O3 nanorod is greater than all samples from the blue
and green emission range. An increase in the intensity of the green emission might mean that the
0.5% Fe-doped Bi,O3 nanorods have more defects or more surface oxygen vacancies, both of which
are essential for photocatalytic activity. So the incorporation of Fe ions altered the crystal structure,
introducing lattice distortions and defects. This modifies the Bi,O3’s electronic properties,
enhancing charge carrier mobility and separation. Consequently, Fe doping has modified the
average crystalline size and surface area. These alterations collectively enhance the material's
photocatalytic efficiency by facilitating better light absorption, extended surface interactions, and
improved charge transfer kinetics.

Table 8. Photodegradation efficiency and Pseudo-first-order rate constant (k) of pure and Fe-
substituted Bi;O3 samples.

Sample Cycle I Cycle I Cycle III Cycle IV

Photocatalytic Pseudo Photocatalytic Pseudo Photocatalytic Pseudo Photocatalytic Psew

Efficiency Rate Efficiency Rate Efficiency Rate Efficiency Rate
Constant Constant Constant Cons
Pure 87.5 0.0057  90.57 0.0063  85.81 0.0056  81.05 0.00¢4
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Sample Cyclel Cycle Il Cycle Il Cycle IV

Photocatalytic Pseudo Photocatalytic Pseudo Photocatalytic Pseudo Photocatalytic Pseu
Efficiency Rate Efficiency Rate Efficiency Rate Efficiency Rate

Constant Constant Constant Cons

Bi,03

0.3% 84.96 0.0049  89.90 0.0063  84.29 0.0052  79.08 0.00¢4

Bi,03

0.5% 93.37 0.0075 91.08 0.0067 88.80 0.0062 88.20 0.00¢
Fe-
Bi»03

0.7% 89.21 0.0063  90.73 0.0064 86.46 0.0056  85.72 0.00:

Bi,03

Porosity analysis

It is generally recognized that the specific surface area of the photocatalyst has a greater impact on
the degradation effectiveness of photocatalytic activity and antimicrobial activity. Using the BET
approach, the surface area of pure and Fe-doped Bi;03; nanorods was determined. The pore size
distribution graphs of pure and Fe-doped Bi;O3 nanorods, as well as the nitrogen adsorption-
desorption isotherms, are presented in Fig. 11. According to the IUPAC system of classification and as
shown in Fig. 11, the isotherms of pure Bi;O3 and the 0.3, 0.5, and 0.7% Fe-Bi,O3 nanorods are typical
type-IV N, adsorption-desorption isotherms with Hy hysteresis, indicate the presence of
mesoporous structure. The particle's surface area predictions were computed using the N,
adsorption-desorption isotherms. For both pure and Fe-doped Bi,03 nanorods, the BJH technique
was used to determine the BET surface area, pore volume, and pore diameter. These results are
shown in Table 8. The surface for pure Bi,03 was discovered to be 7.722m?/g. The surface area was
determined to be 3.765, 21.732, and 11.704m?/g for various Fe-doped concentrations like 0.3, 0.5,
and 0.7%, respectively. As seen in Table 8, it can be seen that the surface area rises as the Fe dopant
concentration increases. However, the 0.5% Fe-doped Bi,03 has the largest surface area (21.732m?/g)
due to the sample's smallest crystallite size. Due to the surface of the lowest energy plane, a 0.5% Fe-
doped Bi,03 sample has a greater surface area than other samples. The surface area of the 0.5% Fe-
doped Bi,03 sample is higher than that of other samples because this smallest energy surface may
adsorb more N, gas than another sample. Because of Fe doping in the Bi,O3 lattice, surface area
increases can be allocated to the appearance of new pores. The ultimately enhanced surface area of
Fe-doped Bi;03 should be connected to the phase shift and reduced crystalline size, which are
brought on by Fe doping, as compared to pure Bi;03 [26].

21 of 37 6/16/2024, 3:47 PM



Magneto-optical properties of Fe-doped bismuth oxide nanorods for ph...

https://www.sciencedirect.com/science/article/pii/S2211715623003223...

84 &Purt Bi,0,) Z l:u..x'.. Fe-Bi, 0,
74 44
-9
< &
B 8 (a) = (b)
7 @ 3
& 54 fg’;‘
o =
E 4- z
54 £ 2,
c —_
- 349 $
24 14
14
T v T v T r 0 T T T T r v
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P,) Relative Pressure (P/Pg)
0.5% Fe-Bi, 0, 0.7% Fe-Bi,0,
22+ ‘ 12+ ‘
204
& 18 4 104
v 164 -8
—~ o
® 1] (c) - (d)
< )
g 124 s
S 10+ 8 61 ,,ﬂ”'/
. ? s =9
” 44
64 3
=
44
24 e"d
24
00 02 04 06 08 10 00 02 04 06 08 10

Relative Pressure (P/P)

Relative Pressure (P/P)

22 of 37

Download : Download high-res image (332KB)

Download : Download full-size image

Fig. 11. Nadsorption-desorption isotherms of the pure and Fe-doped Bi,03 nanorods with
concentrations 0, 0.3, 0.5, and 0.7%.

Photoluminescence studies

Analysis of the photoluminescence spectrum is an effective method for examining the
semiconductor's ability to separate the electron-hole pair produced by a photon. The optical
absorption spectra of Bi,O3 nanoparticles are seen in Fig. 12. The optical transmission of the initial
excitation state is responsible for the maxima at 450nm. Therefore, we may say that the pure
synthesized sample of Bi,O3 has an excitation band at 450nm. The quantum-confinement effect of
the Bi,O3 nanoparticles may be responsible for the clear blue shift of the absorption peak in
comparison to bulk bismuth. In the visible range, there was a broad green emission band at 527-
563 nm that was caused by several intrinsic or extrinsic defects as well as surface or oxygen vacancy
defects [3]. The peak shifts to a shorter wavelength of 428 nm after doping. Therefore, the excitation
peak for the Fe-doped Bi,03 is at 428 nm. To stop the rapid recombination of photogenerated charge
carriers, Fe ions might be utilized as an electron acceptor that can be activated by light [62]. It is
possible to identify the visible emission as the result of the radiative recombination of an electron
occupying the oxygen and bismuth vacancies with a photogenerated hole. The electronic transition
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may cause the blue-green emission peak to arise at 486nm. Due to the recombination of
photogenerated holes and electrons trapped by singly ionised oxygen vacancies, the green emission
peak cantered about 537nm is attributed to defects related to oxygen vacancies [63]. The 0.5% Fe-
doped Bi,03 nanorod exhibits a greater fluorescence intensity than all other samples, as shown in
the blue and green emission spectra. An increase in the intensity of the green emission may indicate
that there are more defects in the 0.5% Fe-doped Bi,O3 nanorods, which may be crucial to the
photocatalytic activity. The effectiveness of interfacial transmission of charges to adsorbed materials
is improved by efficient charge separation, which also prolongs the life of charge carriers and
enhances photocatalytic activity [16].
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Fig. 12. PL spectra of of Pure Bi,03 and 0.3%, 0.5% and 0.7% Fe doped Bi,03,

Antibacterial application

Using the good diffusion method and dark conditions, the bactericidal activity of pure Bi,O3 and Fe-
doped Bi,03 at different concentrations (0.3%, 0.5%, and 0.7%) was examined. In Table 9, the zone of
inhibition of synthesized material against Bacillus is shown. According to the zone of inhibition
method's findings, both pure and Fe-doped Bi;03 exhibit noticeable inhibition surrounding material
(Fig. 13). For pure and (0.3, 0.5, 0.7%) Fe-doped Bi,03, the inhibitory zones were 17 mm, 18 mm,
20mm, and 19mm. Comparing the 0.5% Fe-doped nanostructure to other Fe-doped nanostructures,
it was discovered that it had greater antibacterial activity against the Gram-negative bacteria
Bacillus.

Table 9. Values of surface area pore volume and pore radius of pure and Fe doped Bi,Os.

Sample Surface area (m2/g) Pore Volume (cc/g) Pore Radius
Pure BiO3 7.722 0.01212 0.3138
0.3% Fe-Bi,03 3.765 0.00520 0.3589
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Sample Surface area (m2/g) Pore Volume (cc/g) Pore Radius
0.5% Fe-Bi03 21.732 0.02860 0.2631
0.7% Fe-Bi,05 11.704 0.01776 0.3035

Download : Download high-res image (134KB)

Download : Download full-size image

Fig. 13. Antibacterial activity of Pure Bi,O3 and (0.3%, 0.5%, and 0.7%) Fe-doped Bi,05 for different
concentrations.

The results reveal that the antibacterial activity of pure and Fe-doped Bi;O3 nanostructures
increases in the following order: 0.5wt% Fe-doped Bi,03>0.7% Fe-doped Bi,03>0.3wt% Fe-doped
Bi,O3>pure Bi;03. Much literature reported the relationship between the outer membrane and cell
wall of bacteria being destroyed by reactive oxygen species such as O, and OH and H,0,. As the
synthesized material shows super magnetic behavior so it shows greater antibacterial The increase
in oxygen vacancies in the Fe-doped Bi,03 nanomaterials may explain the improvement in
antibacterial activity resulting from Fe doping. When compared to pure Bi;O3 nanostructures, it
makes the particles positively charged and thus increases the electrostatic attraction between the
particles that are positively charged and the negative cell wall surface with a higher number of
reactive oxygen species (ROS), promoting the efficiency of the antibacterial effect against bacteria
[57]. The effect of Fe-doped Bi,O3 nanorod’s high antibacterial activity can be assigned to their
chemical composition, tendency for metal ion release, and magnetization improvement, which

24 of 37 6/16/2024, 3:47 PM


https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr13_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr13_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr13_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr13_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr13_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr13.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr13.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr13.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr13.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr13.jpg

Magneto-optical properties of Fe-doped bismuth oxide nanorods for ph... https://www.sciencedirect.com/science/article/pii/S2211715623003223...

results in the transmembrane transfer of electrons increase in surface area, providing more active
sites, penetration, and oxidation of cell components, generation of reactive oxygen species during,
promoting bacterial cell damage. This oxidative stress, coupled with increased surface interactions,
leads to improved antibacterial efficacy [64].

Antifungal application

The antifungal activity of pure Bi;O3 and (0.3, 0.5, 0.7%) Fe-doped Bi,O3 at various doses against
Aspergillus flavus fungal cultures were examined and depicted in Fig. 14. The diameter of the
growth inhibition zone (mm) was measured and included in Table 10. Increased Fe concentrations
promote antifungal activity, similar to the effects of antibacterial activities. The diameter of zone
inhibition for pure Bi;O3 and(0.3, 0.5, 0.7%) Fe doped Bi,O3 is given as 15, 16, 23, and 20mm. The Fe-
doped Bi,03 samples were more effective against fungus than the pure Bi,Os. As pure and Fe-doped
Bi;03 show superparamagnetic gesture but 0.5% Fe-doped Bi;O3 shows maximum magnetization
which enhances the antifungal activity of the sample. The 0.5% Fe-doped Bi;O3 with the maximal
inhibition zone had the greatest antifungal efficiency against Fungi. It might be because of the 0.5%
Fe doped Bi;03 sample's unusually small crystallite size or high accessible surface area, which
increases contact and friction and allows the sample to enter the cell through the pores of plasma
membrane proteins, causing cell death [65]. See Table 11..

0.3% Fe-Bi,0,

Vet

Download : Download high-res image (242KB)
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Fig. 14. Antifungal activity of Pure Bi,O3 and Fe-doped Bi,0s for different concentrations (0.3%, 0.5%,
and 0.7%).

25 of 37 6/16/2024, 3:47 PM


https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr14_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr14_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr14_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr14_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr14_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr14.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr14.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr14.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr14.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2211715623003223-gr14.jpg

Magneto-optical properties of Fe-doped bismuth oxide nanorods for ph... https://www.sciencedirect.com/science/article/pii/S2211715623003223...

Table 10. The diameter of zone inhibition of Pure and Fe-doped Bi,03

Samples Diameter of Zone Inhibition (mm)
Pure Bi,03 17
0.3% Fe- Biy03 18
0.5% Fe- Biy03 20
0.7% Fe- Biy03 19

Table 11. The diameter of zone inhibition of Pure and Fe-doped Bi;Os3.

Samples Diameter of Zone Inhibition (mm)
Pure Bi,03 15

0.3% Fe- Biy03 18

0.5% Fe- Bi;03 23

0.7% Fe- Bi;03 20

Conclusion

In this present work pure and Fe-doped Bi; 03 nanorods were synthesized using hydrothermal
method. Fe doping induced phase change, variations in crystalline size, surface area, magnetization,
decreased band gap, and defect formations. The 0.5% Fe-doped Bi,03 sample exhibited the highest
specific surface area (21.732m2/g), resulting in remarkable photocatalytic efficiency (93.37%). It
displayed strong antimicrobial properties, with significant inhibitory zones (20mm for bacteria,
23mm for fungi) attributed to smaller size, increased surface area, defects, and enhanced
magnetization. This research underscores Fe doping's role in tailoring Bi,O3 nanorods for advanced
photocatalysis and antimicrobial applications.
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