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doping on the crystal structure
and photocatalytic activity of titanium oxide

Dina A. Tolan,ab Ayman K. El-Sawaf,*ab Islam G. Alhindawy, c Mohamed H. Ismael,c

Amal A. Nassar,a Ahmed M. El-Nahas, b Mai Maize,b Emad A. Elshehy c

and Mohamed E. El-Khouly d

The doping of TiO2 with metals and non-metals is considered one of the most significant approaches to

improve its photocatalytic efficiency. In this study, the photodegradation of methyl orange (MO) was

examined in relation to the impact of Bi-doping of TiO2. The doped TiO2 with various concentrations of

metal was successfully synthesized by a one-step hydrothermal method and characterized using X-ray

diffraction (XRD), Fourier-transform infrared (FTIR) spectroscopy, X-ray photoelectron spectroscopy

(XPS), field emission scanning electron microscopy (FESEM), and UV-vis spectroscopy. The XRD results

revealed that the anatase phase, with an average crystallite size of 16.2 nm, was the main phase of TiO2.

According to the anatase texture results, it was found that the doping of TiO2 increased the specific

surface area for Bi2O3@TiO2 without a change in the crystal structure or the crystal phase of TiO2. Also,

XPS analysis confirmed the formation of Ti4+ and Ti3+ as a result of doping with Bi. The activities of both

pure TiO2 and Bi-doped TiO2 were tested to study their ability to decolorize MO dye in an aqueous

solution. The photocatalytic degradation of MO over Bi2O3@TiO2 reached 98.21%, which was much

higher than the 42% achieved by pure TiO2. Doping TiO2 with Bi increased its visible-light absorption as

Bi-doping generated a new intermediate energy level below the CB edge of the TiO2 orbitals, causing

a shift in the band gap from the UV to the visible region, thus enhancing its photocatalytic efficiency. In

addition, the effects of the initial pH, initial pollutant concentration, and contact time were examined and

discussed.
Introduction

Owing to its potential use in the degradation of organic waste-
water, the photocatalytic degradation (PCD) process is receiving
signicant attention from researchers throughout the world.1–3

Titanium oxide (TiO2) is widely utilized as a photocatalyst owing
to its strong photocatalytic activity, chemical stability, favour-
able optoelectronic property, nontoxicity, and inexpensive
cost.4,5 Although TiO2 generally exhibits high activity for the
photocatalytic oxidation of organic pollutants, some drawbacks
restrict its practical application. These drawbacks include its
relatively high rate of electron–hole recombination6,7 and its low
use of the solar spectrum due to its wide bandgap (3.0–3.2 eV).
Numerous techniques have been employed to increase the
visible spectrum absorption capacity and lower the rate of
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photogenerated electron–hole recombination on the surface of
TiO2 to improve its photocatalytic effectiveness. One major
method to increase the photocatalytic efficiency of TiO2 is by
doping it with various metal and non-metal components.8–14 It
has been reported that adding metal ions to TiO2 prevents
electron–hole recombination and increases its absorbance in
the visible spectrum, which comprises most of the solar energy
(almost 45%).8–10

Contrarily, Bi-based oxides are a signicant family of func-
tional materials that are extensively used in a variety of appli-
cations, including electronic ceramics, electrolytes, high-
temperature superconductors, and as photoelectric conversion
materials.15,16 Bi2O3 stands out among these because it has
certain special qualities, such as excellent electrical conduc-
tivity and a low energy bandgap (approximately 2.8 eV), which
allows it to absorb visible light from the solar spectrum.17

Hence, Bi2O3 has a lot of promise for use in photocatalysis.
Most semiconductor compounds containing Bi have a low
bandgap and effective photocatalytic activity because the
hybridized 6s2 of Bi3+ and O 2p creates a new valence band that
can reduce the bandgap.18 It has been reported that Bi2O3 can
have several crystal structures, including g-Bi2O3 (1.64 eV), b-
Bi2O3 (2.1 eV), a-Bi2O3 (2.8 eV), and d-Bi2O3 (3.0 eV).19 However,
RSC Adv., 2023, 13, 25081–25092 | 25081
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a-Bi2O3 is the only stable phase over a wide temperature range,
while b-, d-, and g-Bi2O3 are metastable at room temperature.20

Numerous researchers have focused on the development of
bismuth-based composite oxides for use in photocatalytic
hydrogen generation, water oxidation, and dye degradation.
Bismuth titanate has been found to possess a high photo-
catalytic activity under visible light and can degrade organic
pollutants and split water.3,16

Industrial dyestuffs constitute one of the major organic
compounds (i.e. azo dyes) that represent a growing environ-
mental peril.21 Through redox reactions in aqueous media, the
release of these chemicals into the environment is a signicant
source of hazardous pollution and can produce harmful by-
products. As a result, there is increased interest in the degra-
dation of aqueous organic dyes.21–23 In this article, we describe
a simple hydrothermal process for making nanocomposites
(Bi2O3@TiO2) with varying metal concentrations, as well as
describe their photocatalytic activity for the degradation of
methyl orange dye, which served here as a model for the
degradation of organic pollutants under UV light. By elimi-
nating the organics involved in the fabrication process by
calcining the material aer the hydrothermal reaction, we could
improve the oxygen vacancies existing between titanium and
bismuth (Ti–Bi).

Materials and methods
Chemicals

Ammonium oxalate (C2H8N2O4; 99.5%), sodium bismuthate
(NaBiO3; 90%), ascorbic acid (HC6H7O6), titanium(III) chloride
(TiCl3) solution, sodium lauryl sulfate (NaC12H25SO4), and
methyl orange (C14H14N3NaO3S) were purchased from Sigma-
Aldrich.

Fabrication of Bi2O3@TiO2 photocatalyst

A porous Bi2O3@TiO2 photocatalyst was synthesized via
a hydrothermal method. Different weight portions (0.1, 0.2, or
0.3) g of sodium bismuthate were mixed well with 0.5 g of
ammonium oxalate and 0.5 g of ascorbic acid in a manual mill.
The previous mixture was added to 15 mL of titanium(III)
chloride solution and 0.2 g sodium lauryl sulfate, and then
75 mL deionized water (DIW) was added with continuous stir-
ring for 45 min. The gelatinous mixture formed was then
transferred into a 100 mL capacity Teon-lined stainless-steel
autoclave. The autoclave was sealed and heated at 155 °C for
48 h. The precipitate was collected by ltration and washed
several times with DIW and ethanol to remove the remaining
and unreacted reagents. Finally, it was dried at 110 °C for 3 h in
a vacuum and carefully calcined in the air at a heating rate of 2 °
C min−1 from room temperature up to 550 °C for 180 min to
obtain the Bi2O3@TiO2 photocatalysts.

Characterization of the synthesized Bi2O3@TiO2 composite

XRD patterns of the Bi2O3@TiO2 photocatalyst powder were
acquired using a PANalytical X'Pert Pro diffractometer set to 45
kV and 40 mA at 25 °C with monochromatic CuKa radiation
25082 | RSC Adv., 2023, 13, 25081–25092
with a wavelength of 0.15406 nm. The diffractograms were
recorded with a step size of 0.013 in the scan range of 10–80°.
The morphology of the produced materials was determined
using a JEOL JSM scanning electron microscopy system (SEM).
Elemental analysis was performed by energy-dispersive X-ray
(EDX) spectrometry. Fourier transforms infrared (FTIR) spec-
troscopy was used to collect information on the surface chem-
istry of the prepared materials. The FTIR spectra were measured
in the range of 500–4000 cm−1 on a Thermo Scientic Nicolet
iS10 FTIR spectrophotometer. The surface chemical composi-
tion was investigated by X-ray photoelectron spectroscopy (XPS,
UK). Also, N2 adsorption–desorption measurements were used
to determine the BET surface area and pore shape using
a ChemBET Pulsar TPR/TPD system. The photocatalytic degra-
dation was monitored using an Hitachi U-3900H double-beam
UV-visible spectrophotometer in the region of 250–750 nm.
Degradation process of methyl orange

The photocatalytic activities of the Bi-doped TiO2 samples with
various Bi-doping concentrations were evaluated by the degra-
dation of methyl orange, which is a commonly used model
reaction in photocatalysis. A 350 nm UV lamp (15 W) was
operated inside a black-sealed wooden box for achieving the
degradation process. The degradation process was carried out
using the batchmethod from aqueous solutions under UV light.
In a typical experiment, 20mg of each of the catalysts was added
to 50 mL of 100 mg L−1 methyl orange aqueous solution. A
magnetic stirrer operating at 400 rpm was used to mix the
contents and was held inside the sealed wooden box. Aer
shaking under UV light for an appropriate time at room
temperature, the catalysts were collected by ltration. The
absorption spectra of the methyl orange in aqueous solutions
before and aer degradation were recorded using an absorption
spectrophotometer in the 250–750 nm wavelength range. The
concentrations of methyl orange were calculated from the
absorbance at l = 482 nm extrapolated to a previously plotted
calibration curve.
Results and discussion
Characterization of the synthesized Bi2O3@TiO2 composite

The FT-IR spectrum of the Bi2O3@TiO2 nanocomposite is dis-
played in Fig. 1a. The stretching vibration of hydroxyl functional
groups (yOH), which are frequently thought to originate from the
hydrothermal preparation technique, was responsible for the
large peak at 3200–3600 cm−1.24,25 Because the hydroxyl radicals
were produced when the terminated hydroxyl groups on the
titania surface reacted with the photoinduced holes, the surface
hydroxyl group contributed to the improvement of the photo-
catalytic activity. It has been established that titania's surface
hydroxyl groups are crucial to photocatalytic reactions because
they may interact with photogenerated holes to produce active
oxygen species.26 Here, the peaks located at 700 and 650 cm−1

were likely caused by the stretching vibrations of Bi–O and Ti–
O.24,25
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) FTIR spectrum, and (b) XRD profiles of the prepared
Bi2O3@TiO2 nanocomposite.

Fig. 2 Crystal size of the synthesized Bi2O3@TiO2 nanocomposite.
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The crystallinity of the resulting samples was characterized
by XRD. The XRD pattern of the prepared Bi2O3@TiO2 nano-
composite is displayed in Fig. 1b and was assigned to TiO2

anatase (JCPDS 73-1764), Bi2O3 (JCPDS 7202528), and some
impurities of Bi8O12 (JCPDS 1010312).27 The high intensity and
narrow peaks reected the good crystallinity of the obtained
Bi2O3@TiO2 composite. The main diffraction peaks of the
crystalline phase at 2q values of 25.3°, 37.8°, 48.02°, 54.02°,
55.17°, and 62.6° corresponded to the (1 0 1), (0 0 4), (2 0 0), (1
0 5), (2 1 1), and (2 0 4) crystalline planes of the anatase phase
(TiO2).3,28 The peak of the largest intensity (101) was observed at
2q = 25.3°. Other extraneous peaks in the diffraction patterns
were observed for Bi2O3, indicating the successful synthesis of
the pure Bi2O3@TiO2 composite when using the hydrothermal
method, Fig. 1b. The peaks at 27.3°, 31.9°,45.4°, 54.9°, and 56.8°
corresponding to the (1 1 1), (0 2 0), (0 2 2), (1 3 1), and (2 2 2)
planes, respectively, manifested that the Bi2O3 and the synthe-
sized composite were in the form of Bi2O3@TiO2 with the pure,
space group Fm�3m, and cell parameters of a = b = c = 5.6059 Å,
a = b = g = 90°, Fig. 1b.
© 2023 The Author(s). Published by the Royal Society of Chemistry
According to Debye–Scherrer's equation, the average crys-
tallite sizes could be determined from the XRD powder pattern
(based on the broadening of the X-ray diffraction peaks). The
half-width at half maximum is related to the size of crystals
through the Scherrer equation: D = kl/b cos q29 where D is the
crystallite size, k is a constant equal to 0.89, l is the wavelength
of X-ray radiation for copper tube equal to 0.1542 nm, b is the
full width at half maximum of the selected X-ray diffraction
peak (the highest and largest peak), and q is the angle of
diffraction. Here, calculations were performed on the major
peak. The average crystallite size for the synthesized materials
was calculated by the XRD line broadening method. The
calculated average crystallite size for the synthesized composite
was found to be 16.2 nm (Fig. 2).

SEM analysis was used to examine the morphology of the
produced Bi2O3@TiO2 catalyst. Fig. 3a and b displays the SEM
images of Bi2O3@TiO2 at various magnications following
calcination at 550 °C. The ndings support the production of
porous crystallite Bi2O3@TiO2 agglomerates, which were previ-
ously thought to take the formof roughly spherical nanoparticles.
The existence of pores in the materials aided in increasing the
light dispersion and enhancing the photocatalytic activity, which
improves pollutant destruction. This makes porosity in photo-
catalysts a signicant and desired property. The samples were
also looked at using a SEM system that had an EDX (energy-
dispersive X-ray spectroscopy) unit attached to it. Fig. 3c–f
shows the Ti, Bi, and O elemental mapping results for the Bi-
doped TiO2 photocatalyst; whereby a uniform dispersion of the
three elements could be seen in this sample with a Bi-doping
level of 1.12 wt%.

Understanding the mechanism of adsorption, which
depends on the pores and surface structure, is crucial. Whether
physical, chemical, or solid, porous conditions all affect the
isotherm shape. The BETmethod was employed to establish the
photocatalyst's textural characteristics, and nitrogen adsorption
was used to ascertain some structural information. The
adsorption–desorption isotherm of the Bi2O3@TiO2 nano-
composite at 77 K is given in Fig. 4a. According to the IUPAC
classication, the adsorption and desorption isotherm obtained
RSC Adv., 2023, 13, 25081–25092 | 25083
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Fig. 3 (a and b) SEM images with different magnifications, (c–f) elemental mapping results, and (g) EDX spectrum of Bi doped TiO2 NPs.
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could be classied as Type IV with an H3-hysteresis loop.30,31

Type IV isotherms are obtained with mesoporous (2 nm < pore
size < 50 nm) solids. These are characterized by a hysteresis loop
and a saturation plateau at P/P0 < 1. The hysteresis loop in the
isotherm was due to lling the mesopores via a different
25084 | RSC Adv., 2023, 13, 25081–25092
mechanism of multilayer formation followed by capillary
condensation. The shapes of hysteresis loops have oen been
correlated to specic pore morphologies and the textural
properties of the adsorbent.31,32 Type H3 hysteresis is usually
found in materials with a wide distribution of pore sizes. In
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Nitrogen adsorption/desorption isotherm (a) and pore-size
distribution (b) of the synthesized Bi2O3@TiO2 nanocomposite.

Fig. 5 (a) Ultraviolet-visible (UV-vis) diffuse reflectance spectra of the
investigated samples. (b) Bandgap values ascertained through Tauc
plot.
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addition, it was observed that aggregates of plate-like particles
give rise to slit-shaped pores. Thus, it can be concluded that
there was a multilayer range of physisorption isotherms here
because of the porous structure with nanochannels between the
oxide particles. The pore-size distribution was calculated from
the corresponding desorption isotherms plot by using the Bar-
rett–Joyner–Halenda (BJH) method, indicating that these Bi2-
O3@TiO2 nanoparticles had a very pronounced mesoporous
structure (Fig. 4b). The calculated BET-specic surface area and
pore diameter of Bi2O3@TiO2 were 65.78 m2 g−1 and 2.45 nm,
respectively.

The presented results demonstrate that there were notable
changes in the optical properties of the Bi2O3@TiO2 catalysts
compared to pure TiO2. Fig. 5a illustrates the UV-vis diffuse
reectance spectra, revealing a red-shi in the absorption
curves of Bi2O3@TiO2. This shi indicated a signicant
enhancement in the catalyst's ability to absorb visible light
within the range of 400–600 nm.18 The introduction of Bi
facilitated the coexistence of Bi electrons and the conduction
band (CB) electrons of TiO2, thereby enabling charge-transfer
transitions between them.
© 2023 The Author(s). Published by the Royal Society of Chemistry
To determine the bandgap energy, a Tauc plot was employed,
which involved graphing (ahn)2 against hn, where a is the
absorption coefficient, h is Planck's constant, n denotes the
frequency of incident light, and E represents the energy.3 Fig. 5b
illustrates the bandgap energies of TiO2, 0.1 Bi–TiO2, 0.2 Bi–
TiO2, and 0.3 Bi–TiO2 were 3.2, 3.0, 2.8, 2.7, and 2.7 eV,
respectively. These outcomes signied that the introduction of
Bi as a dopant caused a noticeable reduction in the bandgap of
TiO2, ultimately enhancing its absorption capabilities in the
visible region.

The chemical states of the elements in the undoped and
Bi2O3-doped TiO2 nanoparticles were examined by XPS analysis.
Fig. 6a shows the XPS survey spectrum of a Bi2O3-doped TiO2

sample, demonstrating the presence of Bi, Ti, and O in the
sample. As illustrated in Fig. 6b, the Ti2p high-resolution
spectrum of Bi2O3-doped TiO2 nanoparticles revealed two
distinct peaks at 458.57 and 464.3 eV, assigned to the Ti 2p3/2
and Ti 2p1/2 orbitals of Ti4+ (TiO2), respectively.33,34 Moreover,
the peak separation of 5.7 eV between these two Ti 2p doublets
RSC Adv., 2023, 13, 25081–25092 | 25085
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Fig. 6 (a) XPS survey spectrum of the Bi2O3-doped TiO2 nanocomposite. XPS spectra of (b) Ti 2p, (c) O 1s, and (d) Bi 4f core levels measured for
the Bi2O3-doped TiO2 nanocomposite.
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indicated the existence of Ti4+ ions in the TiO2 lattice.35–38

Besides the peaks of Ti4+ ions, less intense peaks were also
observed corresponding to a small content of Ti2+ and Ti3+ ions.
This nding infers that the oxidation state of Ti was reduced
with the Bi replacement.39 The O 1s region in the Bi2O3-doped
TiO2 sample displayed three peaks, as shown in Fig. 6c. The
peak centred at 529.77 eV was ascribed to the Ti–O in TiO2.39

The second peak, located at 531.33 eV, was attributed to the
oxygen connected to the bismuth (Bi–O bond of bismuth
oxide);39 whereas the third peak at 531.9 eV was associated with
surface OH− groups.40 In the Bi 4f high-resolution spectrum of
the Bi2O3-doped TiO2 sample (Fig. 6d), two major peaks centred
at binding energies of 159.23 and 164.58 eV could be observed,
corresponding well to the Bi 4f7/2 and Bi 4f5/2 peaks of Bi3+

species.33,34,41–43 These peaks were recorded with a relatively low
signal-to-noise ratio because of the low Bi-doping content. The
split of 5.3 eV between the Bi 4f doublets conrmed the Bi3+

valence state and Bi2O3 structure in the prepared catalyst.34 For
comparison, the XPS analyses of pure a-Bi2O3 mentioned in
previous studies33,40,42 were used. The binding energy of the Bi
4f7/2 and Bi 4f5/2 peaks of pure a-Bi2O3 were 158.6 and 163.9 eV,
respectively. It is interesting to note that the peaks of Bi 4f in the
doped sample were shied to a higher binding energy. Reddy
et al.42 assigned this positive shi to the partial oxidation of Bi3+

to the Bi(3+d+) state obtained with a quite low Bi-doping content.
25086 | RSC Adv., 2023, 13, 25081–25092
Furthermore, this binding energy enhancement could be
attributed to the Bi–O–Ti bond formation in the titania
framework.39
Photocatalytic activity of the synthesized Bi2O3@TiO2

nanocomposite

The degradation of MO in aqueous solution under UV-light
irradiation was used to test the photocatalytic activity of the
produced Bi2O3@TiO2 nanocomposite. For the UV-vis absorp-
tion investigations, aqueous solutions of pure and Bi-doped
TiO2 nanopowders were employed. Fig. 7 depicts the altered
absorption spectra aer UV radiation (lmax = 482 nm) was
applied to MO (500 mg L−1) in the presence of pure undoped
TiO2 and the Bi2O3@TiO2 nanoparticles (10 mg) as the photo-
catalyst. Due to the dye's decolorization aer UV-light irradia-
tion, the strength of absorption decreased. The uorescence
quenching effectiveness of MO in the presence of the Bi2O3@-
TiO2 nanoparticles is depicted in Fig. 6 in the insets as a func-
tion of UV light. The results revealed that the photocatalytic
activity of the Bi-doped TiO2 catalysts decreased in the following
order: (0.3 g Bi)–TiO2 < (0.1 g Bi)–TiO2 < (0.2 g Bi)–TiO2, whereby
the TiO2 sample doped with 0.2 g of Bi showed the highest
efficiency. No degradation of the dye was observed in the dark,
which proved that no acute adsorption of MO on the surface of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Absorption spectra during the degradation process of MO dye
at lmax = 482 nm.

Fig. 8 (a) pHPZC of Bi2O3@TiO2 catalysts in 0.01 M KCl as a function of
pH. (b) Effect of the pH on the degradation of MO using the synthe-
sized Bi2O3@TiO2 photocatalysts under the optimal condition.
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the prepared catalysts was detected, implying that the decolor-
ization was primarily caused by photocatalytic degradation
rather than physiochemical adsorption on the surface of the
nanostructured hybrid (Fig. 7). Moreover, in the absence of
a catalyst, less than 0.5% of MO was degraded aer 30 min
under UV irradiation, demonstrating that MO has high photo-
stability under UV-light irradiation and that the autode-
gradation of MO can be ignored (Fig. 7). In addition, the
photocatalytic performance was compared with pure TiO2, and
the results showed that the photocatalytic activity of the TiO2

catalyst was highly enhanced by Bi-doping. With Bi-doping,
a new energy level was introduced into the forbidden bandgap
below the conduction band (CB) edge of TiO2, which expanded
the absorption to the visible-light region and acted as an elec-
tron–hole generator.26 Moreover, the high surface area of the
prepared Bi-doped TiO2 is benecial for readsorption and
contact between photogenerated carriers and the reactants.

Since photocatalysis takes place on the catalyst surface, the
pH is a crucial parameter for the photocatalytic degradation of
wastewater and dyes.45,46 To accurately forecast the charge on
the NPs surface throughout the photodegradation process, the
point of zero charge (pHPZC) must be identied.44–46 The
performance of the photocatalyst is remarkably inuenced by
the solution pH as it affects the surface's ability to adsorb
pollutants. We thus evaluated the zeta potentials of the
prepared photocatalyst at different pH levels to determine the
inuence of the pH on the degradation rate of MO. The point of
zero charges (pzc) of Bi2O3@TiO2 was measured as shown in
Fig. 8a to be at pH 7.5. The higher pzc values of the Bi-doped
TiO2 compared to the pzc of pure TiO2 (pH 6.5 in the litera-
ture44) could be attributed to the presence of the surface OH
groups, which was consistent with the IR spectra. The surface of
the synthesized photocatalyst became positive when the pH of
the solution was less than the pHPZC value of the catalyst, and
negative when the pH of the solution was more than the pHPZC

value.
© 2023 The Author(s). Published by the Royal Society of Chemistry
The effect of pH on the rate of MO dye photocatalytic
degradation is depicted in Fig. 8b. Under the inuence of UV
light, a xed weight of the synthesized photocatalysts (10 mg)
and a 10 mL solution volume of 50 mg L−1 MO at room
temperature were utilized. The highest degradation efficiency
was recorded in acidic solutions with a pH of 4, whereas the
degradation was lower in alkaline pH solutions aer 60 min of
contact time. The impact of the pH is typically attributed to the
catalyst's surface charge and how it interacts with the ionic form
of organic components. Methyl orange (MO) is an anionic azo
dye with sulfonate groups that are negatively charged. As
a result, under acidic conditions, the surface of Bi-doped TiO2

gains a positive charge. This causes more dye to bind to
a positively charged catalyst surface, speeding up the rate at
which the acidic media degrades the catalyst. Additionally,
methyl orange occurs in a quinonoid form in acidic medium,
and the rate of degradation can be further accelerated in the
absence of a stable azo ink.47 Under contrast, negatively charged
catalyst surfaces tend to resist the adsorption of anionic
adsorbate species under an alkaline state, reducing the amount
of dye adsorbed on the surface and impeding the photocatalytic
reaction.
RSC Adv., 2023, 13, 25081–25092 | 25087
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The doping of TiO2 with Bi2O3 was aimed at enhancing its
photocatalytic activity. However, an excessive amount of Bi2O3

incorporation can lead to various effects. First, it can cause
a reduction in surface area. When too much Bi2O3 is added,
particles tend to aggregate, resulting in a decrease in the
available surface area for dye adsorption and photocatalytic
reactions. This leads to a reduced interaction between the dye
molecules and the catalyst, ultimately resulting in a decrease in
the degradation efficiency. Second, an increased amount of
Bi2O3 doping can introduce additional charge carriers, like
electrons and holes, to the TiO2 catalyst. While this can be
advantageous, excessive Bi2O3 can actually lead to an increase in
charge recombination. This refers to the phenomenon where
the photogenerated electrons and holes recombine before
participating in degradation reactions. As a result, the overall
efficiency of the catalyst in breaking down dye molecules
decreases. Supporting these ndings, the results here indicated
that different amounts of Bi2O3 doping had varying impacts on
the degradation of dye molecules. According to Fig. 9a, within
the rst 15 min of contact time, (0.3 g Bi)–TiO2, (0.1 g Bi)–TiO2,
and (0.2 g Bi)–TiO2 degraded 26.1%, 35.3%, and 46.45% of the
dye, respectively. However, aer 60 min, (0.2 g Bi)–TiO2 dis-
played the highest efficiency at 98.21%, while (0.3 g Bi)–TiO2

and (0.1 g Bi)–TiO2 exhibited efficiencies of 57.1% and 77.1%
respectively.
Fig. 9 (a) Removal efficiency of the synthesized photocatalysts, (b–d) p
Bi)–TiO2, (0.1 g Bi)–TiO2, and (0.2 g Bi)–TiO2 photocatalysts at different

25088 | RSC Adv., 2023, 13, 25081–25092
The reaction kinetics was addressed to understand the
photocatalytic degradation behaviour of MO dye using Bi-
doped TiO2. The bleaching reaction follows a pseudo-rst-
order reaction kinetics for the photocatalytic oxidation
process. The pseudo-rst-order model (ln(C/Co) = −Kt)
governs the photocatalytic degradation of most organic
contaminants at the liquid–solid interface, as is well known;48

where C0 represents the initial concentration of MO; C repre-
sents the concentration of MO at time t, and k is the rate
constant (min−1). Here, 50 mL of MO (500 mg L−1) was
combined with 50 mg portions of each of (0.1 g Bi)–TiO2, (0.2 g
Bi)–TiO2, and (0.3 g Bi)–TiO2 at different time intervals under
the impact of UV irradiation. The correlation constant for the
tted line was calculated to be R2 > 0.98 for the doped TiO2

(0.1 g Bi)–TiO2, (0.2 g Bi)–TiO2, and (0.3 g Bi)–TiO2, indicating
that the photocatalytic degradation process well-tted with the
pseudo-rst-order kinetic model. A straight line with a slope
was generated from the linear correlation between ln (C/Co)
and t (Fig. 9(b–d)), and was used to get the values of K (Table 1).
At pH 4, the apparent reaction rate constant of (0.2 g Bi)–TiO2

was 6.88 × 10−2 min−1, while for (0.1 g Bi)–TiO2 and (0.3 g Bi)–
TiO2, lower reaction rates of 2.47 × 10−2 and 1.47 ×

10−2 min−1 were detected. The effectiveness of the photo-
catalytic degradation process was signicantly inuenced by
seudo-first-order kinetics of the photodegradation of MO using (0.3 g
pH values.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Pseudo-first-order kinetic model of the photodegradation of
MO using (0.3 g Bi)–TiO2, (0.2 g Bi)–TiO2, and (0.1 g Bi)–TiO2 pho-
tocatalysts at different pH values

(0.3 g Bi)–TiO2 (0.1 g Bi)–TiO2 (0.2 g Bi)–TiO2

pH 2 R2 0.9878 0.9902 0.9872
K 1.38 × 10−2 2.28 × 10−2 5.31 × 10−2

pH 4 R2 0.9870 0.9890 0.9916
K 1.47 × 10−2 2.47 × 10−2 6.88 × 10−2

pH 6 R2 0.9868 0.9847 0.9974
K 1.31 × 10−2 2.03 × 10−2 4.47 × 10−2

pH 8 R2 0.9917 0.9904 0.9973
K 1.21 × 10−2 1.91 × 10−2 4.04 × 10−2

Fig. 11 Reusability studies of the (0.2 g Bi)–TiO2 photocatalyst.
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the impact of the initial MO concentrations on the photo-
catalytic behaviour of Bi-doped TiO2.49,50

Assessment for the effect of the initial concentration of MO
on photocatalytic decolonization was carried out at a xed
amount of the (0.2 g Bi)–TiO2 sample (50 mg L−1)) and with
varying the concentration of the dye ((i.e., 2, 20, 50, 200, 500,
and 1000 mg L−1) under optimal operating conditions in
a single solution system (i.e., pH 4, contact time 60 min at
25 °C). The photocatalytic degradation gradually declined as the
initial dye concentration was increased beyond 500 mg L−1.
Approximately 100% dye degradation of 500 mg L−1 dye was
observed aer 30 min contact time, while only 82.1% dye was
degraded in 60 min with 1000 mg L−1 dye solution (Fig. 10).
Because there were more MO molecules present and there was
a xed number of active catalyst sites, the rate of photocatalysis
was reduced as the concentration of MO dye increased. A high
initial dye concentration caused many layers of adsorbed dye
molecules to develop on the catalyst surface, which prevented
light from coming into direct contact with the catalyst and
producing hydroxyl radicals, thus slowing down the rate of
degradation.49–55

One of the key markers of a photocatalyst's usefulness and
practical benets is its stability.50,51 To assess the economic
Fig. 10 Degradation efficiency (%) of the (0.2 g Bi)–TiO2 photocatalyst
as a function of the initial concentration at pH 4.

© 2023 The Author(s). Published by the Royal Society of Chemistry
viability of the photocatalytic degradation process, the number of
times the photocatalyst can be reused was obtained. The dura-
bility and stability of the Bi2O3@TiO2 (0.2 g Bi) photocatalyst were
investigated as shown in Fig. 11, where it can be seen the effi-
ciency of the Bi2O3@TiO2 photocatalyst was only reduced from
98.21% to 91.18% aer 6 degradation cycles, demonstrating that
the Bi2O3@TiO2 photocatalyst had good stability against repeated
usage. The main cause for the decrease in efficiency was the
presence of degradation by-products formed at the Bi2O3@TiO2

surface, which decreased the number of adsorption sites. It can
be concluded from these results that the catalyst Bi2O3@TiO2 can
be efficiently employed in the MO-degradation process with
minor efficiency losses and great durability.

To ensure the durability and stability of the Bi2O3@TiO2

photocatalyst throughout 6 consecutive cycles of dye degrada-
tion, the material was subjected to elution using 0.1 M hydro-
chloric acid, followed by a thorough rinsing with water.
Fig. 12 XRD profiles after 6 consecutive cycles of the degradation
process.

RSC Adv., 2023, 13, 25081–25092 | 25089
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Subsequently, the material was air-dried and subjected to XRD
analysis. The XRD results, as depicted in Fig. 12, exhibited the
presence of titanium oxide in the anatase phase, along with the
bismuth oxide phase (Bi2O3). This outcome indicates that the
synthesized catalyst, Bi2O3@TiO2, maintained its crystalline
structure and overall stability, even aer undergoing 6 consec-
utive cycles of dye deterioration under irradiation.
Photocatalytic degradation mechanism

The degradation mechanism of methyl orange dye using the
Bi2O3@TiO2 photocatalyst under UV light involved a series of
photophysical and photochemical processes (Fig. 13). The
presence of Bi2O3 in conjunction with the anatase phase of TiO2

greatly inuenced the overall efficiency of the photocatalytic
degradation. Upon exposure to UV light, the photocatalyst
absorbed photons, leading to the excitation of electrons from
the valence band (VB) to the conduction band (CB) of TiO2. In
the presence of Bi2O3, the electrons and holes generated in this
process were effectively separated due to the heterojunction
formed between the TiO2 (anatase) and Bi2O3 phases. This
separation minimized the recombination of electron–hole
pairs, allowing for the enhanced photocatalytic activity.

The degradation of methyl orange dye occurred through two
main pathways: direct and indirect mechanisms. In the direct
mechanism, the excited electrons in the conduction band of the
photocatalyst react with adsorbed O2 to generate superoxide
radicals (cO2

−). These radicals, being highly reactive, can
directly oxidize the methyl orange dye molecules, initiating the
degradation process. This direct pathway is represented by the
following equation:

TiO2 (CB) + O2 / TiO2 (VB) + cO2
−

In the indirect mechanism, the photoexcited electrons in the
conduction band of TiO2 can transfer to the surface of Bi2O3,
where they react with adsorbed water molecules, generating
hydroxyl radicals (cOH). These hydroxyl radicals play a vital role
Fig. 13 Photocatalytic degradation mechanism.

25090 | RSC Adv., 2023, 13, 25081–25092
in oxidizing the methyl orange dye and breaking down its
chemical structure. The indirect pathway can be represented by
the following equations:

TiO2 (CB) + H2O / TiO2 (VB) + cOH

cOH + Methyl Orange / Degradation Products

The presence of Bi2O3 in the photocatalyst promoted the
formation of hydroxyl radicals by facilitating the transfer of
electrons from TiO2 to Bi2O3. As a result, the rate of methyl
orange dye degradation was signicantly enhanced. The doping
of Bi2O3 also improved the stability and reusability of the TiO2

photocatalyst, making it a promising material for efficient dye
degradation applications.
Conclusions

In this study, mesoporous Bi-doped TiO2 catalysts were
successfully synthesized, and their photocatalytic degradation
activity was examined using MO dye. Various analytical and
spectroscopic methods were used to conrm the production
and crystallinity of the synthesized catalytic composites. When
compared to undoped TiO2, the produced catalysts loaded with
Bi2O3 displayed a high photocatalytic activity under UV light. Bi-
doping had two impacts on TiO2, including occupying the
electron–hole recombination sites and increasing the catalyst's
absorption wavelength range into the visible area. Aer 60 min
of exposure, the (0.2 g Bi)–TiO2 sample displayed the maximum
activity in the photocatalytic degradation of MO, with an effi-
ciency of 98.21%. The pseudo-rst-order model was compatible
with the catalytic degradation mechanism. The synthesized
catalyst also showed remarkable recycling properties for up to
six times use. The newly created Bi2O3@TiO2 composites could
therefore be used as a viable and benecial photocatalyst for the
elimination of organic pollutants from industrial and
wastewater.
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