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Global warming and climate change are increasing global
issues. In the last ten years, the intensity of these issues has
drawn significant attention from many countries worldwide.
One of the factors that cause climate change are industrial pro-
cesses which need high power to run, and most countries have
used fossil fuels for these processes [1]. The use of fossil fuels
generates harmful emissions to the environment, such as car-
bon dioxide (CO,), methane (CHy), nitrous oxide (N,O), nitric
oxide and nitrogen dioxide (together termed NO,), and fluori-
nated gases (e.g., hydrofluorocarbons, perfluorocarbons, and
sulfur hexafluoride) which are currently considered primary
sources of environmental [2]. A Global Warming Potential
(GWP) measurement was used to compare the global warming
effects of different gases. It has been calculated to reflect how
long gases remain in the atmosphere, on average, and how
strongly it absorbs energy [3]. Besides, the discharge of persis-
tent organic pollutants (POPs) also contributes to water pollu-
tion, increasing global environmental pollution. Recently, the
reduction and conversion of CO; into fuel as valuable hydro-
carbon products has been drawing attention from scientists in

materials science, chemical engineering, nanotechnology, and
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related fields [4]. To reduce contaminants (e.g., air pollution
(COy, NOy, SO5,), POPs) there are many routes (e.g., physico-
chemical approaches, biological fixation, advanced oxidation
process, and photocatalysis [5-8]). Among the aforementioned
methods, the photocatalysis route is appropriate for treating
pollutants, even in atmospheric conditions [9-11]. Moreover,
the photocatalysis method is also a potential solution for envi-
ronmental remediation, carbon emission reduction, and renew-

able energy production [12-14].

Combining photocatalysts and sunlight irradiation is a potential
strategy for water treatment via the effectively infinite energy
from the sun and the photocatalysts. Photocatalysis based on
nanostructured semiconductors can significantly contribute to
tackling several environmental pollution problems, sustainable
synthesis, and energy production [2,15,16]. Semiconducting
photocatalyst nanomaterials, such as SnO;, TiO,, MoS,,
g-C3Ny, and Bi-nanostructures have been proven efficient for a
range of applications, including organic pollutant removal, NO,
degradation, renewable energy production, and waste-to-energy

conversion [15,17,18]. Figure 1 shows a general photocatalysis
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Figure 1: A general photocatalytic mechanism for several possible target processes: (1) NO, degradation, (2) water splitting for hydrogen and oxygen
evolution reactions, (3) degradation of organic pollutants, and (4) solar cell application.

mechanism outlining several possible targets (i.e., NOy
degradation, water splitting, degradation of organic pollutants,
and enhancement of electron generation in a solar-cell applica-
tion).

This Thematic Issue highlights recent experimental and theoret-
ical developments in using light harvesting by semiconductor
materials for sustainable applications; for instance, dye solar
cells, solar-driven water splitting, NO, removal, and contami-
nant degradation. The synthesis of semiconductor nanomateri-
als published on this thematic issue indicates a wide range of
synthetic routes. The as-prepared nanomaterials with various
morphologies demonstrated many preeminent features in the
above applications. In detail, the MoS2 with a honeycomb-like
structure was first synthesized by an electrochemical route and
applied in dye-sensitized solar cells [19], which expressed a
higher applicability than that of other studies [20-22]. Besides,
Nhu et al. [23] used rosin as a green chemical approach to fabri-
cate ZnO nanoparticles, exhibiting a high photocatalytic activi-
ty for both methylene blue (100%) and methyl orange (82.78%)
decomposition after 210 min under UV radiation. Moreover, the
advantages in the development of advanced materials based on
semiconductors (i.e., carbon-modified hexagonal boron nitride
(MBN), MgO@g-C3N4, and TiO2@MWCNTs) have indicated
a highly efficient photocatalytic performance for phenol
removal using a low-power visible LED light source. For NO

degradation, a visible light source was used whereas for water

splitting natural sunlight was used [24-26]. These results are
mentioned as scaling up photocatalytic systems to reach net
zero emission goals and the next technology to produce green

hydrogen energy [14].

Up-to-date trending topics on photocatalysts based on semicon-
ducting nanomaterials, perovskites, or Bi-based nanomaterials
are presented to incentivize fine-tuning of current studies and
research works on photocatalytic efficiency of nanomaterials
[27]. In addition, this Thematic Issue will undoubtedly provide
the reader with novel ideas for developing nanomaterials for
environmental remediation and sustainable applications; for
instance, dye solar cells, solar-driven water splitting, NOy
removal, and contaminant degradation. This Thematic Issue
will make a good reference material and be of great use for

scientists in nanomaterials fields.
Viet Van Pham and Wee-Jun Ong
Ho Chi Minh City and Sepang, June 2023.
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Semiconducting SnO, photocatalyst nanomaterials are extensively used in energy and environmental research because of their out-
standing physical and chemical properties. In recent years, nitrogen oxide (NO,) pollutants have received particular attention from
the scientific community. The photocatalytic NO, oxidation will be an important contribution to mitigate climate change in the
future. Existing review papers mainly focus on applying SnO, materials for photocatalytic oxidation of pollutants in the water,
while studies on the decomposition of gas pollutants are still being developed. In addition, previous studies have shown that the
photocatalytic activity regarding NO, decomposition of SnO, and other materials depends on many factors, such as physical struc-
ture and band energies, surface and defect states, and morphology. Recent studies have been focused on the modification of proper-
ties of SnO; to increase the photocatalytic efficiency of SnO,, including bandgap engineering, defect regulation, surface engi-

neering, heterojunction construction, and using co-catalysts, which will be thoroughly highlighted in this review.

Review
Introduction

A World Health Organization (WHO) report indicated that
4.2 million deaths every year occur due to exposure to ambient
(outdoor) air pollution [1]. This number is much higher than the
deaths from the COVID-19 pandemic in the past year. WHO
also reported that the emissions of nitrogen oxides in the early

1980s over the world were estimated at approximately

150 x 10'2 g/year while the concentration of nitrogen dioxide
outdoor can achieve up to 940 pg/m? (0.5 ppm) for 30 min and
400 ug/m3 (0.21 ppm) for 60 min [2]. Nitrogen oxides (NOy, in-
cluding NO and NO,) are poisonous and highly reactive gases.
Nitrogen dioxide (NO,) is associated with respiratory diseases

and mortality. NO, is formed when fuel is burnt at high temper-

96


https://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:pvviet@hcmus.edu.vn
https://doi.org/10.3762/bjnano.13.7

atures and emitted by automobiles, trucks, and various non-road
vehicles (e.g., construction equipment, boats) and industrial
sources such as power plants, industrial boilers, cement kilns,
and turbines [3]. In addition, diesel vehicles are considered a
primary NO, emission source causing adversely impacts on
environment and human health, such as acid rain, global
warming, and respiratory diseases in humans (Figure 1a). NO,
pollution damages lung cells and reacts with molecules in the
air when released into the ozone layer. NO, can aggravate respi-
ratory diseases such as asthma, bronchitis, and cardiovascular
diseases. When humans are exposed to NO; at concentrations of
over 200 ug/m3, even for periods of time, this will cause
adverse effects on the respiratory system. Some studies have
shown that NO, concentrations over 500 pg/m3 can cause acute
health effects. Although the lowest threshold for NO, exposure
with a direct effect on lung function in asthmatic subjects was
560 ug/m3, NO, exposure to concentrations over 200 pg/m3
caused pulmonary responses in asthmatic people [4,5]. Guil-
laume P. Chossiére et al. indicated that reducing NO, in the air
will significantly reduce the risk of death in humans demon-
strated through a study on lockdowns during the COVID-19
pandemic in China that led to a reduction of NO,, O3, and
PMj; 5 concentrations globally, resulting in ca. 32,000 avoided
premature mortalities, including ca. 21,000 in China [6]. There-
fore, the control, treatment, and conversion of NO, to green
products greatly interested the scientific community in recent

years.

There are many methods for controlling and removing NO,,
such as reducing the burning temperature, reducing the resi-
dence time at peak temperature, chemical reduction or oxida-

tion of NO,, removal of nitrogen from combustion fuels, and

Global

Warmin
Human g

diseases
Problems

Sources
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sorption, both adsorption and absorption [7,8]. Among them,
photocatalytic oxidation is an efficient method of converting
NO, into nitrate (NO3™) ions. The removal of NO3™ ions is
easy, efficient, and economic through chemical or biological
methods such as the conversion of NO3™ to Ny by aerobic
microorganisms [9,10]. Figure 1b illustrates the working
scheme of semiconductor photocatalysts for NO oxidation.
Light generates holes (h*) in the valence band (VB) and elec-
trons (¢7) in the conduction band (CB) of the photocatalytic ma-
terial. Electrons at the material surface will react with oxygen
molecules to form superoxide radicals (*O,~, similarly holes
react with water to form hydroxyl radicals). Free radicals and
strong oxidizing agents react with NO, to produce NOj3~,
deposited on the photocatalyst surface. The NO3~ product
formed on the surface of the catalyst can be easily separated
for further treatment by washing with water due [11] (see
Equations 1-10).

Semiconductor + #v — Semiconductor (hi}B +ecp ) (D)

) o &

0, +ecp = "0 )
H,0+hyp - HO®* +H" 3)

*0; +H,0 - HO3 + OH™ @)
2°HO, - 0, +H,0, S

HO3 +H,0+ecg = H,0, +OH™ (©)

rrrrxi

0,/*0,

vA g
<,’«W

0 W VB@ b HQM

Semiconductor

L 15

Figure 1: Problems and sources associated with NOy air pollution (a) and NO photocatalysis over a semiconductor (b). Figure 1a was reprinted from
[12], Journal of Environmental Management, vol. 129, by J. Angelo; L. Andrade; L. M. Madeira; A. Mendes “An overview of photocatalysis phenome-
na applied to NOy abatement”, pages 522-539, Copyright (2013), with permission from Elsevier. This content is not subject to CC BY 4.0.
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2°0;5 +2H,0 - 2H,0, + 0, (7)
H,0, +ecg — "OH+OH™ (8)
NO+ *0; - NOj3 )

NO+2HO®* - NO, +H,0 (10)

Recently, research on tin dioxide (SnO;) materials has in-
creased significantly, which expresses the potential of SnO,
materials for the scientific community (Figure 2a). SnO; is one
of the most extensively investigated n-type semiconductors. It is
known as tin(VI) oxide or stannic oxide (not to be confused
with stannous oxide with tin in the oxidation state of 2+ [13],
also known as cassiterite [14]. SnO, materials have many inter-
esting properties. For instance, the structure and electronic
structure can be manipulated easily due to the highly tunable
valence state and oxygen vacancy defects (OVs) [15,16]. There-
fore, SnO; is considered a potential material in various techno-
logical fields such as catalysis, optoelectronic devices, recharge-
able lithium batteries, electrocatalysis, photocatalysis, solar
energy conversion, and gas sensing [17-24]. In the catalytic
area, SnO; is an emerging material for removing contaminants
such as organic dyes, phenolic compounds, and volatile organic
compounds (VOCs) due to strongly oxidizing properties thanks
to flexible energy band structure, rich defects, good chemical,
and high thermal stability, and easily controlled morphology
[25-30]. However, pure SnO, suffers from some inherent draw-
backs that limit its practical applications. With a wide bandgap
(3.5-3.7 eV) [31,32], SnO; can only be excited by UV irradia-
tion. As a typical oxidation photocatalyst with the CB edge
energy level, which is not conducive to the reduction of O, to
*O,™ [31,33] and the rapid recombination rate of photoinduced
electron—hole pairs [34], the photocatalytic ability of SnO, is

(@ (b)

2780

3000 1

Number of Publication

2017 2018 2019

Year

2020 2021
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less efficient than that of other semiconductor photocatalysts
(Figure 2b). Despite literature relating to the unfavorable CB
edge of SnO,, many reports still proposed its photocatalytic
behaviors partly based on *O,~ species via the combination of
experimental physicochemical analyses, such as electron spin
resonance (ESR) spectroscopy, active species trapping experi-
ments, valence band X-ray photoelectron spectroscopy (XPS),
and diffuse reflectance spectroscopy (DRS) [35-40]. This
promotes a new avenue for diverse analyses of semiconductor
photocatalysts in addition to the traditional theories and conclu-

sions.

Previous studies have shown that the photocatalytic activity of
NO, decomposition of materials in general and SnO, depends
on many factors, including the structure and energy band, sur-
face and defect states, morphology, etc. For that reason, recent
studies are being focused on the modification of properties of
SnO, to upgrade the photocatalytic efficiency of SnO,, includ-
ing bandgap engineering, defect regulation, surface engineering,
heterojunction construction, co-catalyst, which will be thor-

oughly outlined in this review.

Structure and bandgap

SnO, has a crystal structure similar to that of rutile TiO,
[41,42]. The unit cell parameters of rutile SnO, are
a=b=0.47374 nm and ¢ = 0.31864 nm [43]. In one unit
cell of rutile SnO,, a Sn** ion is bonded to six oxygen ions,
and every oxygen atom is coordinated by three Sn** ions,
forming a (6, 3) coordination structure [44]. When SnO, materi-
als are prepared as thin films with two to eight layers the
bandgap is larger than that of bulk SnO, and decreases with in-
creasing film thickness [45]. Zhou et al. indicated that the direct
bandgap transition of SnO; has an absorption coefficient o and

the optical bandgap (E,) can be determined by the calculation of

E vs. NHE (V)

5L SnO,

Figure 2: (a) Statistics of publication number on SnO, materials (2017-06/2021). Data was extracted from Web of Science, Clarivate Analytics;

(b) NO photocatalytic oxidation ability of SnO».
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a(hv)? « (hv — Eg)”z/hv, and the plot of a(hv)? vs photon
energy hv, respectively. For example, the bandgap of a SnO,
thin film with a thickness of about 130 nm is 3.597 eV [42].

The reported bandgap of bulk SnO; is 3.6 eV. Changing the
morphology, particle size, or the formation of OVs or defects
narrow the bandgap. In the study of Babu et al., a redshift of the
absorption edge was observed when SnO, quantum dots
(SQDs) were heated from 200 to 700 °C, which indicated that
the bandgap of the SQDs decreased from 3.49 to 2.52 eV (for
SQD-700) as shown in Figure 3. These results demonstrated
that the redshift is favorable for a photocatalytic activity in the
visible light region.

Meanwhile, Fan et al. [47] investigated the bandgap of SnO,
when changing the self-doping of SnO,. The change of the
color of the powder products and the redshift in the absorption
spectra are two quantities that are correlated with each other.
Normally, SnO, is white and optical absorptions in the visible
region arise from changes of the band structure. Moreover, the
bandgap of SnO,_, self-doped with Sn?* can be easily deter-
mined as follows: A straight line to the x-axis, equaling to the
extrapolated value of Eppoon at a = 0, gives the absorption edge
energy. This energy parameter corresponds to the bandgap (E,)
of the material [47].

Surface and defect states

Structural defects and lattice imperfections usually bestow most
of the properties exploited for applications of SnO; materials as
they influence various physicochemical properties and reac-
tions on the surface. Most important are defect states of materi-
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als, including predominantly point defects, that is, defects asso-
ciated with one lattice point, such as cation or oxygen ion
vacancies. OVs determine the physical and chemical properties
of metal oxides. Figure 4a shows the natural crystal structure of
SnO, synthesized by vapor transport [48]. The (110) plane of
rutile SnO, is the most common surface, and it is also thermo-
dynamically the most stable [48]. In the rutile phase of SnO; in
Figure 4b, the (110) plane contains all surface bridging oxygens
(1), bridging OVs (2), and oxygen coordinated three- or five-
fold (3, 4) with surface tin atoms (Sn 5f). The dual valency of
Sn at the surface of SnO; plays a role in the reversible transfor-
mation of the surface composition from Sn** cations to Sn2*,
which leads to active centers in the surface chemical process
[48]. Moreover, the OVs in SnO, often appear when it is syn-
thesized by chemical methods such as sol-gel, hydrothermal,
and microwave synthesis [49-51]. The formation and concentra-
tion of OVs depend on particle size, synthesizing temperature,
and morphology of SnO,. The OVs play the role of an electron
donor and provide free electrons, making SnO, an n-type semi-
conductor [52].

Guoliang Xu et al. indicated that NO could be absorbed easily
on various SnO,(110) surfaces, and it is preferentially adsorbed
on the OV site through an N-down orientation. Figure 5 shows
the calculation of the energy of NO conversion processes on
Sn0,(110), SnO,_,(110), and O + SnO,_,(110) surfaces. The
oxidation of NO on other surfaces is determined by the reaction
energies, as shown in Figure 5. The O + SnO,_,(110) surface
is more exothermic and preferable than other surfaces, which
leads to an efficient reaction of NO with the SnO, surface [54].
Also, Tiya-Djowe et al. [55] indicated that calcined SnO, sam-

(b)

(ahv)?

S0
Wavelength (nm)

Figure 3: Ultraviolet-visible absorption spectra (a) and corresponding bandgaps of SQDs (b). Figure 3 was reprinted from [46], Materials Letters, vol.
221, by Babu, B.; Neelakanta Reddy, I.; Yoo, K.; Kim, D.; Shim, J. “Bandgap tuning and XPS study of SnO» quantum dots”, pages 211-215, Copy-
right (2018), with permission from Elsevier. This content is not subject to CC BY 4.0.
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Figure 4: (a) Natural growth faces of SnO are the (110), (100) (equivalent to (010) in rutile), and (101) (equivalent to (011) in rutile) surfaces.

Figure 4a was reprinted with permission from [48] (M. Batzill; K. Katsiev; J. M. Burst; U. Diebold; A. M. Chaka; B. Delley, Phys. Rev. B, vol. 72, article
no. 165414, 2005). Copyright (2005) by the American Physical Society. This content is not subject to CC BY 4.0; (b) SnO»(110) surface including a
bridging oxygen vacancy (1-bridging oxygen; 2-bridging OV; 3-oxygen coordinated threefold with surface tin (Sn 5f); 4-oxygen coordinated fivefold
with surface tin (Sn 5f). Figure 4b was reprinted from [53], Surface Science, vol. 577, by Maki-Jaskari, M. A.; Rantala, T. T.; Golovanov, V. V. “Compu-
tational study of charge accumulation at SnO»(110) surface”, pages 127—138, Copyright (2005), with permission from Elsevier. This content is not
subject to CC BY 4.0.
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Figure 5: The conversion processes of NO on perfect SnO»(110), SnO2_,(110) and Oz + SnO2_,(110) surfaces. Figure 5 was reprinted from [54],
Sensors and Actuators B: Chemical, vol. 221, by Xu, G.; Zhang, L.; He, C.; Ma, D.; Lu, Z. “Adsorption and oxidation of NO on various SnO(110) sur-
faces: A density functional theory study”, pages 717—-722, Copyright (2015), with permission from Elsevier. This content is not subject to CC BY 4.0.

ples with higher OV density showed improved photocatalytic
performances. Besides, the OV density contributes to the rise of
the valence band maximum and a decrease of the bandgap
energy of SnO, materials.

Morphology

There are many shapes of SnO,, for example, nanoparticles,
nanocubes, nanorods, nanosheets, nanospheres, nanobelts, and
nanotubes. These morphologies can be controllably obtained by
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using polyvinylpyrrolidone (PVP), sodium dodecyl sulfonate
(SDS), cetyl trimethyl ammonium bromide (CTAB), or
tetrapropyl ammonium bromide (TPAB) as surfactants in a
hydrothermal method [56-59]. The difference of morphologies
will affect the properties of SnO; regarding gas sensor activity
and optical, electrical, and electrochemical properties [60-63].
The typical properties of SnO; are significantly affected by the
effective surface area of different nanomaterial morphologies
[63-65].

Wang et al. [66] synthesized SnO, microspheres on a
fluorine-doped tin oxide (FTO) substrate and the SEM images
(Figure 6) show SnO; microspheres with an average diameter
of 2.0-2.5 um. By using SnO; microsphere photocatalysts for
the photocatalytic oxidation of NO, Le et al. [67] indicated that
3D hierarchical flower-like SnO, microspheres exhibited a pho-
tocatalytic activity towards NO decomposition comparable to
that of commercial P25 TiO,. Specifically, SnO; microspheres
can degrade 57.2% NO (1 ppm of initial concentration) under
solar light. However, the photocatalytic mechanism of NO deg-
radation has not been investigated [67]. Zhang et al. [68] found
that the crystalline/amorphous stacking structure of SnO,
microspheres can moderate surface absorption competition be-
tween oxygen gas and NO gas, contributing to the generation of
reactive oxygen species (ROS) to oxidize NO to NO3™ ions.
Huy et al. [69] synthesized SnO; NPs, and this is the first report
on using a SnO, photocatalyst with NP morphology for the NO
degradation. The photocatalytic mechanism of SnO, NPs is
based on electrons and holes to generate reactive radicals.
Figure 7 shows that the photocatalytic NO removal efficacy of
SnO; NPs achieved 63.37% after 30 min under solar light irra-
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diation, and the conversion efficacy from NO to NO; is 1.66%.
The high photocatalytic performance and the stability of SnO,
NPs under solar light is promising for potential application [69].

Recent approaches in the modification of
SnO, for photocatalytic NO, oxidation

Many attempts have been made to enhance the photocatalytic
activity and take better advantage of SnO, for the NO, abate-
ment, including the combination with other metal oxides [70],
organic semiconductors [71], or metallic nanomaterials [72] to
form a heterojunction/composite photocatalyst, and self-doping
[73] or elemental doping [39,74]. Hybrid or doped photocata-
lysts ideally exhibit an improved photocatalytic efficacy due to
the reduced recombination rate of photogenerated charge
carriers and the lower activation energy. However, additional
factors considerably affect the overall photocatalytic process.
Table 1 shows a comparison of the NO photocatalytic oxida-
tion ability of neat SnO, and modified SnO, materials. Recent
studies on this material system mainly focus on modifying
SnO, toward the application in the visible light region.

Charge transfer improvement

The combination of SnO, with other co-photocatalysts, includ-
ing inorganic and organic semiconductors, is a practical ap-
proach to enhance the charge transfer efficacy for the photocat-
alytic process. The photocatalytic degradation of NO, over
SnO, as a host photocatalyst is reported to be considerably en-
hanced after the combination with organic semiconductors such
as graphitic carbon nitride (g-C3N4) [71]. When acting as an
auxiliary photocatalyst, SnO, promotes the photocatalytic activ-

ity of the primary material [38,70,75,76].

Figure 6: SEM images of SnO, microspheres synthesized by a hydrothermal method at 180 °C for 24 h. Figure 6 was reprinted with permission from
[66], Copyright 2010 American Chemical Society. This content is not subject to CC BY 4.0.

101



Beilstein J. Nanotechnol. 2022, 13, 96—113.

@ 1.0 (b) 430 :
400 <
0.8 —~
= 2 3501
Q e o
¥ 06 = 300 .
o —a—Blank ©
—e— P25 250 - L-H Fit curves <
—4— S0, NPs ® P25 k=0.06908
0.4- <4 SnO,NPs k=0.12431 P
T T T T T T 200 T T T T T
0 5 10 15 20 25 30 0 1 2 3 4 5
Time (minute) Time (minute)
(C) 1.0- < E E E (d)
| 2 1 3% | 4" 1 5t -
' ' S0, 1
0.8+
| ) SnO, 2*¢
8 0.6. ] $nO, 3
’ $n0O, 4%
04 - SnO, 5*
0 30 60 9 120 150 0 20 40 60 80
. . [ NO removal efficiency (%)
Time (minute) I NO, conversion (%)

Figure 7: NO photodegradation of materials under solar light (a), the dependence of concentration on irradiation time (b), photochemical stability of
SnO2 NPs (NPs) (c), and NO removal efficacy and NO, conversion efficacy (d). Figure 7 is from [69] and was reprinted by permission from Springer
Nature from the journal Environmental Chemistry Letters (“High photocatalytic removal of NO gas over SnOz nanoparticles under solar light” by T. H.
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Table 1: A comparison of photocatalytic systems for NO abatement with SnO, photocatalyst systems.

Year Photocatalyst SnO» Experimental conditions NO removal NOy yield (%)  Ref.
morphology (%)
Light source Initial Humidity ~Sample
NO (%) weight
conc. (9)
(ppb)
2013 SnO» microspheres  vis: A > 510 nm 108 N/A N/A 57.2 N/A [67]
and A > 400 nm; (A>290 nm)
UV:A>290 nm 115
(450 W (A >400 nm)
high-pressure 4.2
mercury lamp with (A>510 nm)
filters)
2017 Sn02/Zn,SnOy4/  unclear shape  vis (3 W LED 600 N/A 0.2 59.3 N/A [75]
graphene lamp,

A =420 %10 nm)
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Table 1: A comparison of photocatalytic systems for NO abatement with SnO, photocatalyst systems. (continued)

2018

2018

2018

2018

2019

2019

SnO»

SnO,/TiOs

SnOy/graphene

SnOq/polyaniline

SnOy/N-doped
carbon quantum
dots/ZnSn(OH)g

SI’lOz/g-CsN4

NPs

NPs

QDs

NPs

NPs

QDs

solar (300 W Xe
lamp)

vis (300 W Xe
lamp with a UV
cutoff filter

(A > 420 nm)
solar and vis (Xe
lamp)

solar (300 W Xe
lamp)

vis-near-infrared
(300 W Xe lamp,
A =420 nm)

vis (150 W

tungsten halogen
lamp with a filter
(A > 420 nm)

solar (300 W Xe
lamp)

vis (300 W Xe
lamp with a UV
filter (A > 420 nm)

vis (150 W
tungsten halogen
lamp with a UV
cut-off filter

(A > 420 nm)

vis (300 W solar
simulator with a
UV filter

(A > 420 nm)

vis (300 W solar
simulator with a
UV cut-off filter
(A > 420 nm)

2019 Ag@SnOs NPs

2020 Ce doped SnO,  particles

2020 BiOBr/SnOy NPs

2021 g-C3Ng/SnO,  NPs

2021 SnO».,/g-CsNs NPs

Wu et al. reported the visible-light-driven elimination
of NO over hydrothermally synthesized BiOBr/SnO, p—n
heterojunction photocatalysts. The as-prepared BiOBr/SnO,
photocatalayst with a molar ratio of 2:5 between SnO, NPs
and BiOBr microspheres shows an enhanced NO, photocatalyt-
ic removal of 50.3%, at an initial NO concentration of
600 ppb, and a great stability after four cycles. The generation
of toxic NO, products was inhibited effectively. The charge
movement at the BiOBr/SnO, p-n interface was also
revealed via theoretical and experimental findings. Electrons
in SnO; transfer into BiOBr over pre-formed charge
migration channels and an internal electric field at the
BiOBr/SnO; interface, which directs photoinduced electrons
from the CB of BiOBr to that of SnO;, thus prolonging
the lifetime of photogenerated electron—hole pairs (Figure 8).
The NO-to-NO, conversion and intermediates and
products were confirmed via in situ diffuse reflectance
infrared Fourier transform spectroscopy during NO oxidation
[70].

450 70 0.2 63.37 1.66 [69]
450 70 0.2 59.49 2.58 [38]
600 N/A N/A 75 (full N/A [36]
spectrum)
57 (vis)
450 30 0.2 15 8 [35]
400 30%5 0.2 37 <1.25 [76]
600 N/A 0.4 32 8 [37]
N/A  N/A 0.2 70 4 [72]
104 65 0.4 82 10 [39]
600 N/A 0.10 50.3 N/A [70]
(NO-to-NO»
conversion was
studied via in
situ DRIFTS)
500 70 0.2 4417 9.29 [71]
500 N/A 0.2 40.8 7.5 [73]

Huy et al. [38] hydrothermally synthesized SnO, NPs adhering
to TiO5 nanotubes (SnO,/TNTs) via a facile one-step method
for the photocatalytic abatement of NO under visible light
(Figure 9). At a NO concentration of 450 ppb in a continuous
flow, SnO,/TNTs yields a photocatalytic degradation of NO of
59.49%, which is much better than that of bare TiO, NTs
(44.61%), SnO, NPs (39.55%), and a physical blend of SnO,
NPs and TiO; NTs (39.18%). Also, the heterostructured photo-
catalyst shows an effective reduction of NO, generation after
30 min of photocatalytic reaction. The photogenerated elec-
trons and ‘O, radicals played a primary role in the photocata-
Iytic NO oxidation. Additionally, using photoluminescence (PL)
spectroscopy, XPS, active species trapping tests, and ESR spec-
troscopy, the authors studied the photoinduced charge migra-
tion and trapping. They proposed the band structure of the
SnO,/TNTs and pointed out the existence of *O,~ and *OH radi-
cals as critical factors in the photocatalysis process [38]. These
results demonstrated that the SnO, NPs could be both a host or

an auxiliary material for the NO photocatalytic degradation.
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Figure 8: Proposed mechanisms for photocatalytic NO oxidation via interfacial charge migration over BiOBr/SnO, p—n heterojunctions. Figure 8 was
reprinted with permission from [70], Copyright 2020 American Chemical Society. This content is not subject to CC BY 4.0.
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Figure 9: NO photocatalytic degradation of materials under visible light irradiation (a), the dependence of concentration on irradiation time (b), photo-
chemical stability of SnOo/TNTs (c), and NO removal efficacy and NO» conversion efficacy (d). Figure 9 was reprinted from [38], Chemosphere, vol.
215, by Huy, T. H.; Bui, D. P.; Kang, F.; Wang, Y. F.; Liu, S. H.; Thi, C. M.; You, S. J.; Chang, G. M.; Pham, V. V. “SnO»/TiO» nanotube heterojunc-
tion: The first investigation of NO degradation by visible-light-driven photocatalysis”, pages 323-332, Copyright (2018), with permission from Elsevier.
This content is not subject to CC BY 4.0.
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Besides the coupling with semiconductor oxides such as TiO,  ment of the photocatalytic activity was interpreted as the syner-
and BiOBr, recent works reported the successful combination of  gistic effect between the high photo-oxidation ability of SnO,
SnO, nanomaterials with conjugated polymers such as graphitic  triggered by the visible light response of g-C3Ny4. Also, the key
carbon nitride (g-C3Ny4) and polyaniline (PANI), yielding role of the SnO,/g-C3Ny4 interface in inhibiting the production
metal-free visible-light-driven photocatalysts for addressing NO  of NO; facilitates the transition of photogenerated carriers used
gas pollution. Such combinations hold great potential because  for the NO removal [37].

they exhibit a wide range of useful properties, including high

conductivity, cost-effectiveness, high flexibility and process- Pham et al. showcased a step-scheme (S-scheme) photocatalyst
ability, and ease of fabrication. These recent advances are high- composed of 2D/0D g-C3;N4 nanosheet-assisted SnO; NPs
lighted and discussed in terms of preparation method and photo-  (g-C3N4/SnO,) for removing NO with low NO, generation.
catalytic mechanism in this review. Regarding g-C3Ny, Zou et  This work established an S-scheme charge transfer path by
al. successfully deposited SnO, quantum dots (QDs) on g-C3N,  combining density functional theory (DFT) calculations, trap-
sheets by a simple physical mixing process. The authors indicat-  ping experiments, and electron spin resonance measurements
ed that the SnO,/g-C3Ny4 photocatalyst had a twice as high NO  (Figure 10). Thus, the impact of intrinsic OVs within SnO, NPs
removal efficacy than bare SnO, QDs and a low NO, genera-  and the resulting S-scheme heterojunction on the band structure,

tion upon exposure to visible light for 30 min. This enhance- charge transfer, and photocatalytic activity was presented. The
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resulting heterojunction photocatalytically removed 40% NO
(initial concentration of 500 ppb) and showed excellent photo-
stability under visible light. The NO, production from the pho-
tocatalytic reaction was also negligible. The good photocatalyt-
ic NO degradation of the 2D/0D g-C3N4/SnO; catalyst is due to
the defects actively trapping electrons and the charge transfer
described in the S-scheme model. These factors increase the
lifetime of electron—hole pairs and free radicals. The finding of
this work enables the generation of a new and innovative struc-
tures with S-scheme heterojunctions for environmental treat-
ment [71].

A similar model, a Z-scheme photocatalyst, was reported by Lu
et al. who successfully fabricated a ternary nanohybrid
consisting of mesoporous SnO,, nitrogen-doped carbon quan-
tum dots (NCDs), and ZnSn(OH)¢ using a simple in situ solvo-
thermal method. This nanohybrid photocatalyst exhibited a
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broad optical response range and excellent oxidation ability and
showed great potential in addressing air pollution. The ternary
Z-scheme photocatalyst could remove 37% of NO under visible
light and IR without generating NO,. In addition, this work also
discussed the critical role of NCDs in extending the light
harvesting range and promoting the separation of photogener-
ated electrons. A considerable amount of reactive oxygen radi-
cals was produced during the photocatalytic reaction, resulting
from the large amount of free surface OH groups. PL, photocur-
rent response, electrochemical impedance spectroscopy (EIS)
data, and the nanosecond-level time-resolved fluorescence
decay spectra (Figure 11) demonstrated that the SnO,/NCDs/
ZHS nanohybrid achieved low charge carrier recombination,
high photoactivity, and excellent photoinduced charge transfer
to the surface of the semiconductor. This study enables new
insights into the underlying mechanism of heterojunction photo-
catalysts, especially those with Z-shaped interfaces [76].
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Figure 11: (a) Surface photovoltage spectroscopy, (b) transient photocurrent responses, (c) EIS Nyquist plots of ZHS, SnO,/ZHS, NCDs/ZHS and

SnO,/NCDs/ZHS samples, and (d) PL spectra (inset: transient fluorescence decay spectra). Figure 11 was republished with permission of The Royal
Society of Chemistry from [76] (“Constructing Z-scheme SnO,/N-doped carbon quantum dots/ZnSn(OH)g nanohybrids with high redox ability for NO
removal under VIS-NIR light” by Y. Lu et al., J. Mater. Chem. A, vol. 7, issue 26, © 2019); permission conveyed through Copyright Clearance Center,

Inc. This content is not subject to CC BY 4.0.

106



Polyaniline (PANI) is a conducting polymer and compared to
g-C3Ny, PANI is inexpensive and easy to synthesize. Bui et al.
[35] presented a SnO,/PANI nanocomposite for photocatalytic
NO removal under solar light for the first time. Furthermore,
they found that the introduction of SnO; NPs increases the
photostability of PANI during the photocatalytic process, which
holds great potential for scalable manufacturing. Also, this work
thoroughly discussed the adsorption and photocatalytic mecha-
nisms, and the polymer photodegradation of the resulting nano-
composite using DFT techniques. The results confirmed that the
interaction between NO and PANI is indeed a hydrogen bond
and photogenerated holes serve as the primary factor of the pho-
tocatalytic NO removal [35]. Moreover, this study also indicat-
ed that hydrogen bonds between NO and PANI increased the
adsorption of NO on the SnO,/PANI surface, leading to en-
hanced photocatalysis. However, the photocatalytic stability of
SnO,/PANTI is still a challenging problem.

Enesca et al. [29] developed photoactive heterostructures based
on SnO,, TiO,, and CulnS, using an automated spray pyrolysis
method, which is particularly beneficial for air cleaning applica-
tions. This work showed that the surface tension of the material
surface directly impacts the photocatalytic activity under humid
conditions. Furthermore, introducing CulnS; enables good UV
and vis absorption thus extending the light-responsive range. As

Beilstein J. Nanotechnol. 2022, 13, 96—113.

a result, such a CulnS,/TiO,/SnO, heterostructure presented
one of the highest photocatalytic efficacies (51.7%) in acetalde-
hyde removal. However, this work also opens some new ques-
tions for future studies on optimizing the band structure, which
remains critical for studying charge separation [29]. In another
study, a SnO,—Zn,SnO4 Z-scheme photocatalyst system was
prepared with a graphene modification to create surface
vacancy sites in the composite, which contributed to an en-
hanced photoactivity in the oxidation of NO and acetone [75].
The presence of graphene induces the formation of SnO; and
introduces Sn vacancies, which supports the electron transfer
from the CB of Zn,;SnOy4 to oxygen under visible light irradia-
tion (Figure 12). The authors only used a visible light LED with
low power (3 W) and obtained a high efficacy of NO degrada-
tion (59.3%) [75]. However, the disadvantage of this study and
other studies is that it did not determine the formation of NO,
after the reaction (see Table 1).

Creation of narrower bandgaps

To narrow the bandgap of SnO, is an advanced strategy for
enhancing photocatalytic ability. Specifically, reducing the
bandgap of SnO, will increase the photoresponse in the visible
light region, making up 45% of the solar spectrum. Moreover,
reducing the bandgap will also create many defect states that
can decrease the recombination of photogenerated electron—hole
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Figure 12: A mechanism of NO photocatalytic oxidation over SnO2>—ZnoSnO4/graphene. Figure 12 was reprinted from [75], Chemical Engineering
Journal, vol. 336, by Li, Y.; Wu, X.; Ho, W.; Lv, K.; Li, Q.; Li, M.; Lee, S. C. “Graphene-induced formation of visible-light-responsive SnO2-Zn,SnOy4
Z-scheme photocatalyst with surface vacancy for the enhanced photoreactivity towards NO and acetone oxidation”, pages 200-210, Copyright (2017),

with permission from Elsevier. This content is not subject to CC BY 4.0.
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pairs. There are many approaches to narrowing the bandgap of
Sn0O,, such as modifying SnO, by noble metal, graphene, or
doping, including self-doping SnO, (Sn%*-doped SnO, or
SnO,_,). In general, doping SnO, will reduce the bandgap,
which enhances the photoactivity in the visible light region for
SnO,. The narrowing of the bandgap by introducing defects in
metal oxide semiconductors opens up the possibility of their use
in the visible spectrum [77]. Recently, Xie et al. reported using
SnO,/graphene quantum dot (GQD) composites. They showed
that the absorption edge of as-prepared SnO, (Figure 13a black
line) is around 340 nm, equaling to a bandgap of 3.64 eV. The
PL peak of SnO; was located in the range of 280—485 nm
(Figure 13b). The combination of GQDs and SnO, did not
affect the shape of the PL peak. However, the corresponding PL
intensity of the SnO,/GQDs sample was decreased because of

the greatly reduced radiative charge recombination of SnO,.

Beilstein J. Nanotechnol. 2022, 13, 96—113.

Moreover, enhanced visible light response and enhanced charge
separation in the sample with GQDs have been observed
(Figure 13c). The EIS measurements (Figure 13d) indicated that
the diameter of the arc radius of SnO,/GQDs (1%) is much
smaller than that of SnO,, confirming that the GQDs contribut-
ed to improving the charge separation, significantly reducing
indoor NO under visible light irradiation. The optimized com-
posite removed 57% of the initial NO while generating a negli-
gible amount of NO,. In addition, this work found that the
insertion of graphene quantum dots did not induce any notice-
able impact on the structure of the SnO; component. Still, its
presence strongly enhanced energy harvesting and charge sepa-
ration in the resulting composite [36].

Regarding the self-doping SnO,, Pham et al. reported on the
fabrication of a Sn0O,_,/g-C3N4 heterojunction, inducing an
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Figure 13: (a) Diffuse reflectance spectra of SnO» and SnOo/GQDs composites. Inset is the absorption spectrum of GQDs dispersed in water. (b) PL

spectra of SnO, and SnO»/GQDs composites. Excitation wavelength: 260 n
SnO2/GQDs (1%) under visible light illumination and in darkness. Figure 13

m. (c) Transient photocurrent response and (d) EIS curves of SnO, and
was reprinted from [36], Applied Surface Science, vol. 448, by Xie, Y.; Yu,

S.; Zhong, Y.; Zhang, Q.; Zhou, Y. “SnOy/graphene quantum dots composited photocatalyst for efficient nitric oxide oxidation under visible light”,
pages 655-661, Copyright (2018), with permission from Elsevier. This content is not subject to CC BY 4.0.
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S-scheme interface, showing impressive photocatalytic NO
removal under visible light. In this work, Pham et al. indicated
that deep trap centers of OV defects (Figure 14) formed with a
very high concentration (36.69%), mainly from Vg. and Vg..
centers. These OVs reduced the bandgaps of SnO; (3.7 eV) and
SnO,_, (3.17 eV), significantly impacting the reaction rate
during the photocatalytic process, leading to enhanced NO
removal under visible light. Also, the reported selectivity of the
SnO,_,/g-C3N4 heterojunction is three times higher than that of
the bare materials. The finding of this work further supports the
importance of OVs in the design of photocatalytic materials

[73].

Song et al. synthesized Ce-doped SnO, materials with a high
number of OVs to improve NO oxidation removal efficacy
(Figure 15). The results showed that the excellent NO oxida-
tion activity of Ce-SnO; materials was based on the OVs,
which create a suitable site for the formation of NO™ intermedi-
ates to generate nitrite and nitrate products in the photocatalytic
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reaction processes. Moreover, additional OVs could be readily
formed by thermal treatment under argon atmosphere. The work
suggested an innovative approach for developing high-perfor-
mance photocatalysts and a cost-effective, environmentally
benign way through heat treatment in different atmospheres
[39].

Combining noble metals with SnO,, such as in Au/SnO, [78] or
Pd/SnO; [79], is an advanced approach yielding an effective
performance for gas sensing. However, There is only one report
by Bui et al. on using Ag@SnO; NPs for removing NO, taking
advantage of plasmonic-induced photocatalysis [72]. The
Ag@SnO, NPs were fabricated by a simple and green ap-
proach using hydrothermal growth and photoreduction deposi-
tion. The introduction of Ag induced a bending of the band
structure of SnO, NPs, leading to a change of the Fermi level.
As a result, the Ag@SnO;, NPs showed an impressive photocat-
alytic NO removal of 70% while generating very little NO,
(4%) after 30 min. In addition, this work one to understand the

(b)
s
S
>
®
c
(]
IS
24 22 32 28 24 20 16
Photon energy (eV)
- Shallow

325 nm i R\
excitation PO = ‘f-----::::::;%.jzj.‘z_:Deep tl:aps
Vo P4

b b ve nd b

Figure 14: Gaussian fit of PL spectra with inserted images of sample color of SnO5 (a) and SnO._y (b); and proposed schematic model for emissions
from defects in SnO, and SnO_y (c). Figure 14 was reproduced from [73], © 2021 The Chinese Ceramic Society. Production and hosting by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). This content is not subject to

CC BY 4.0.
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Final products:
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Figure 15: The proposed process of NO + O, reaction over Ce—SnO» under visible light irradiation. The ROS reacted with the activated NO~ interme-
diates to nitrates and nitrites. Figure 15 was reprinted from [39], Applied Catalysis B: Environmental, vol. 284, by Song, X.; Qin, G.; Cheng, G.; Jiang,
W.; Chen, X.; Dai, W.; Fu, X. “Oxygen defect-induced NO- intermediates promoting NO deep oxidation over Ce doped SnO» under visible light”,
article no. 119761, Copyright (2020), with permission from Elsevier. This content is not subject to CC BY 4.0.

underlying photocatalytic mechanism through the species
lifespan obtained from trapping experiments and time-depend-
ent ESR signals (Figure 16). Electrons and holes are equally im-
portant for photocatalysis [72].

Conclusion
Regarding the improvement of the photocatalytic NO degrada-

tion over SnO, nanomaterials there are many developments and
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approaches, such as BiOBr/SnO,, g-C3N4/SnO;, SnO,/NCDs/
ZnSn(OH)g, Ce-doped SnO,, SnO; self-doped with Sn2*, and
Ag@Sn0O,;. These systems yielded an enhanced photocatalytic
NO, degradation either through increasing the charge transfer,
through structural changes leading to bandgap reduction, or
through the generation of favorable surface states for the NO,
decomposition reaction. However, the performance in NO

removal is still low (only nearly 60% under visible light and
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Figure 16: Decay and growth curves of primary ROS versus radiation time of SnO» NPs (a) and Ag@SnO> (b). Figure 16 was reprinted from [72], Ca-
talysis Communications, vol. 136, by Bui, D. P.; Nguyen, M. T.; Tran, H. H.; You, S.-J.; Wang, Y.-F.; Van Viet, P. “Green synthesis of Ag@SnO, nano-
composites for enhancing photocatalysis of nitrogen monoxide removal under solar light irradiation”, article no. 105902, Copyright (2019), with permis-

sion from Elsevier. This content is not subject to CC BY 4.0.
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75% under solar light). Also, the syntheses of the materials are
difficult to upscale to an industrial scale. Moreover, the photo-
catalysts were prepared in powder form, which is not suitable
for emerging applications. Based on this review, we suggest the
following subjects for future research: (1) improving the NO
photocatalytic degradation by combining other favorable
bandgap semiconductors; (2) constructing a ternary heterostruc-
ture to create double Z-scheme/S-scheme materials, preferably
using two redox sites; (3) synthesizing other morphologies of
SnOj; such as nanorods, nanotubes, or 3D structures to increase
the specific surface area of the catalyst; (4) upscaling the syn-
theses and using other synthesis approaches such as sol-gel or
chemical vapor deposition to form thin film materials that can
replace powder materials, (5) adhering the catalyst materials on
commercial films such as polypropylene, polytetrafluoreth-
ylene, or PM2.5 films for real-life applications, such as air
filters and NO, gas treatment membranes; and (6) applying the
materials in biological media where the presence of NO/NO; is
predominant.
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Abstract

Non-platinum electrodes for photoelectric devices are challenging and attractive to the scientific community. A thin film of molyb-
denum disulfide (MoS;) was prepared on substrates coated with fluorine-doped tin oxide (FTO) to substitute the platinum counter
electrode (CE) for dye-sensitized solar cells (DSSCs). Herein, we synthesized layered and honeycomb-like MoS, thin films via the
cyclic voltammetry (CV) route. Thickness and morphology of the MoS, thin films were controlled via the concentration of precur-
sor solution. The obtained results showed that MoS, thin films formed at a low precursor concentration had a layered morphology
while a honeycomb-like MoS, thin film was formed at a high precursor concentration. Both types of MoS, thin film were

composed of 1T and 2H structures and exhibited excellent electrocatalytic activity for the I;I” redox couple. DSSCs assembled
2

s

which was higher than that of a conventional Pt/FTO CE (15.3 mA-cm™2). This work reports for the first time the possibility to

using these MoS; CEs showed a maximal power conversion efficiency of 7.33%. The short-circuit value reached 16.3 mA-cm™

obtain a honeycomb-like MoS; thin film morphology by the CV method and investigates the effect of film structure on the electro-
catalytic activity and photovoltaic performance of CEs for DSSC application.

Introduction
Since Gritzel’s first report in 1991, dye-sensitized solar cells  ing third generation of solar cells contains a dye-adsorbed TiO,
(DSSCs) have been the subject of much research due to the easy  photoanode, an iodide/triiodide electrolyte, and a platinum-

fabrication process and respectable efficiency [1]. This promis-  based cathode, also known as the counter electrode (CE). How-
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ever, the high cost of platinum has prevented the real-world ap-
plication of DSSCs, which has led researchers to explore effi-
cient cathode materials for DSSCs beyond platinum. To date, Pt
replacement materials are divided into three categories, namely
carbonaceous materials [2-5], conductive polymers [5], and
transition metal compounds [6-8]. Transition metal compounds
are considered a potential approach due to the high activity and
acceptable price. Molybdenum disulfide (MoS,) has recently
gained a lot of attention due to its layered structure, cost effi-
ciency, and superior catalytic activity [9-16]. MoS, exhibits lay-
ered structures with three types of crystal phase, that is, trig-
onal (1T), hexagonal (2H), and rhombohedral (3R). Consid-
ering electrocatalytic applications, the 1T metallic phase exhib-
its a higher catalytic activity than the 2H and 3R semiconductor
phases [11,17]. Moreover, it is well known that the electrocat-
alytic activity of MoS; strongly depends on the number of cata-
lytically active sites located at the edge planes [1,18,19]. These
unsaturated Mo and S edges of MoS; enable the generation of
the I37/I" redox couple, making it a potential CE for DSSCs. So
far, MoS,-based CEs for DSSCs have been fabricated and in-
vestigated using various techniques such as chemical bath depo-
sition [1], sputtering [2], hydrothermal synthesis [10-13], wet
chemistry [14], thermal reduction [15], and electrodeposition
(ED) [20]. Among these methods, ED shows many advances
thank to its simplicity and rapidity. Additionally, it allows for
the direct deposition of MoS; thin films from liquid precursors
onto various conducting substrates with easily controlled thick-

ness and morphology.

Several reports have already been published that describe the
control of structure and morphology of electrodeposited MoS;
to maximize its catalytic activity. Li et al. reported the synthe-
sis of MoS,/graphene composite films on FTO, which were
directly used as CE for DSSCs without further thermal treat-
ment. The power conversion efficiency (PCE) of the DSSCs
was 8.01%, which was comparable to that of a Pt CE (8.21%)
[21]. Quy et al. prepared MoS,/FTO. The resulting DSSCs
showed a PCE of 7.16%, similar to that of a Pt/FTO CE
(7.48%). The MoS, film was amorphous and contained agglom-
erated clusters of nanoparticles [22]. Recently, Gurulakshmi et
al. reported on DSSCs using a flexible CE fabricated by elec-
trodeposition of a MoS; thin film onto a conductive FTO/PET
substrate. The PCE of this flexible DSSCs reached 4.84%. The
MoS, film was composed of sheets with a length of about 6 pm
and a thickness of about 500 nm [23]. Another report by Chang
et al. mentioned the change in morphology of MoS, from
sphere-like shapes with large grain size to a uniform thin layer
when changing the ED technique from potentiostatic (PS) mode
to potential-reversal (PR) mode. This resulted in an improve-
ment in PCE from 6.89% to 8.77% [24]. In general, above

studies still have limits such as depositing MoS; on graphene or

Beilstein J. Nanotechnol. 2022, 13, 528-537.

carbon dots, instead of directly developing the FTO substrate.
In addition, the effect of thickness and morphology of MoS,/
FTO on the performance of DSSCs was not examined in these

studies.

In this work, thin films of MoS; with two different shapes
(layered and honeycomb-like) were deposited on FTO sub-
strates from an aqueous precursor solution containing
(NH4)6M070,4-4H,0 and Na,S by cyclic voltammetry (CV).
Morphology and thickness of the MoS; thin films were con-
trolled by adjusting the concentration of the precursor solution.
The electrochemical catalytic activity of the MoS; thin films
was investigated regarding the I37/I"'redox couple. The as-pre-
pared MoS, thin films were directly used as CE for DSSCs. The
structure and morphology of the MoS; thin films and their cor-
responding DSSC performance have been carefully evaluated.
Furthermore, the effect of MoS; film thickness on the perfor-
mance of DSSCs has also been discussed. It should be noted
that this is the first report dealing with the fabrication of MoS;
honeycomb-like thin films for DSSC application.

Results and Discussion
Electrodeposition of MoS» thin films

Electrodeposition of MoS; thin films was carried out from pre-
cursor solutions containing a mixture of (NH4)¢Mo70,4 and
Na,S in KCl electrolyte solution. To study the redox behavior
of the solution, the CV curves for each component and the mix-
ture solutions were recorded in the potential range from —1.5 V
to 1.0 V (Figure 1). The blank KCI electrolyte exhibits a
straight line around zero current, while the precursor solutions
show redox peaks associated with the oxidation/reduction of the
precursor ions on the surface of the FTO electrode. In detail, the
CV recorded in NajS solution shows a broad anodic peak
around —0.50 V due to the oxidation of S2~ ions [25,26]. The
CV curve of (NH4)gMo070,4 solution exhibited two redox
couple peaks at —0.34 V/=0.76 V and —0.77 V/-1.34 V attri-
buted to the redox reactions of M070,4%~ and MoO42~ ions, re-
spectively [27]. The presence of MoO42™ ions is due to the
equilibrium in Equation 3, which occurs in acidic solution of
(NH4)6M070,4 (the pH here is about 4.3). The CV recorded in
the mixture solution showed two oxidation peaks at —0.20 V
and —0.50 V attributed to the oxidation of M070,4 and S~
ions, respectively. Moreover, a new reduction peak appeared
around —1.20 V related to the reduction of MoS42~ to form
MoS; as described in Equation 5. This CV behavior is similar to
that of (NH4),MoS4 reported by Falola and co-workers [28].
The formation of MoS42~ ions in the mixture solution is
detailed in Equations 1-4 [27-30]:

Na,S— 2Na* +8%, (1)
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(NHy )¢ M070,44H,0 — Mo,0,,5~ +6NH," +4H,0, (2)

TMo00,4% + 8H" == Mo0;0,4% + 4H,0, 3)
MoO,>™ +68%" +12H" - MoS,>” +4H,, (4
MoS,2” +6H" +2¢” = MoS, +2H,S+H,. (5

It should be noted that (NH4)>,MoSy is poorly soluble in water.
Hence, the in situ synthesis of MoS42_ from (NHy)sMo070,4
(high solubility) and Na,S in acidic media (adjusted to pH 6) is
very favorable to the preparation of MoS42~ precursor solution.
In this work, the optimal concentration ratio of (NH4);M070,4
(mM) to NayS (g/L) was found to be 1:6 (data not shown).

It can be seen from the CV curve of the mixture solution that
the reduction of MoS42~ occurred beginning at a potential of
—0.80 V. Electrodeposition of MoS, at high overpotential leads
to the formation of thick films [28]. To obtain thin films, we
limited the deposition potential range of MoS, to a range be-
tween —1.0 V and 1.0 V and studied the effect of the concentra-
tion of the precursor solution on the morphology and the elec-
trocatalytic activity of the MoS, thin films. The CVs (10 cycles)
for the MoS, electrodeposition from solution 2.5 (see Experi-
mental section for the denomination of the sample solutions) are
shown in Figure 2a. The comparison of the tenth cycle of the
CV recorded in different concentrations of precursor solution
(solution 1.25, 2.5, and 5.0) is shown in Figure 2b. The pres-
ence of the redox couple peak at —0.2/-0.75 V can be attributed
to the redox reactions of M070,4%~ ions (the anodic peak is

slightly shifted towards the anodic potential compared to that of
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Figure 1: CV curves recorded in the solutions of (a) 0.1 M KClI,

(b) 30 g/L NazS, (c) 5 mM (NH4)eM07024, and (d) a mixture of 30 g/L
NasS and 5 mM (NH4)gM07024 in 0.1 M KCI, pH 6, using an FTO elec-
trode, at scan rate of 100 mV-s~1.

the (NH4)2Mo070,4 solution, see the insert in Figure 2a). The
current density of the CV curves increases with the increase of
precursor solution concentration. This allows one to predict that
the thickness of MoS; film will be increased in the order: solu-
tion 1.25 < solution 2.5 < solution 5.0.

Morphology and structure of MoSs thin films

Morphology and thickness of MoS; films prepared on the FTO
substrate were analyzed by FE-SEM. The MoS; films formed
from solutions 1.25 and 2.5 exhibited thin-layered structures,
which exposed edge sites (Figure 3a—c). The same structure had
been found in the reports of Falola and Lin [24,28]. However,
the film thickness of MoS, in these reports was thick compared
to our results. Interestingly, the formation of MoS, film from

solution 5.0 showed a homogenous honeycomb-like structure

2
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Figure 2: (a) CVs recorded during electrodeposition of MoS, from solution 1.25; (b) comparison of the tenth cycle of CVs recorded in solutions 1.25,

2.5, and 5.0; a scan rate of 100 mV-s~! was used.
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(Figure 3e). The surface of the film consists of honeycomb
grids with a diameter of around 50 nm (see Figure 3e, insert).
The roughness of the films was further studied by AFM. The
film with the honeycomb-like structure showed the highest av-
erage roughness (S,) and root mean square roughness (Sq) of
24.179 and 30.443 nm, respectively (see Supporting Informa-
tion File 1, Figure S1 and Table S1). To the best of our know-
ledge, this is the first report on this type of MoS, film synthe-
sized by CV. The potential range of the CV and the concentra-
tion of the precursor solution strongly affect the thickness and
morphology of the MoS; films. The thickness of MoS; films
was estimated from cross-sectional FE-SEM images. The for-

MoS: thin film (30 nm)

v

Beilstein J. Nanotechnol. 2022, 13, 528-537.

mation of MoS, from solutions 2.5 and 5.0 yielded thicknesses
of about 50 nm and 500 nm, respectively (Figure 3d,f).

The phase structure of the electrodeposited MoS, thin films was
identified by XRD and Raman analyses. The XRD pattern and
the Raman spectrum of the MoS; thin film deposited from solu-
tion 5.0 are presented in Figure 4. The XRD pattern of the
MoS,/FTO samples shows only the peaks of the FTO substrate
because the MoS, thin film is amorphous or too thin (Figure 4a)
[22-24]. Thus, the electrodeposited thin film was further charac-
terized by Raman spectroscopy. The Raman spectrum of the
MoS,/FTO sample showed the characteristic peaks of the 2H

Figure 3: FE-SEM images (top view and cross-sectional view) of (a) FTO and (b—f) MoS, deposited on FTO from different precursor solution concen-

trations: (b) solution 1.25, (c ,d) solution 2.5, and (e, f) solution 5.0.
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Figure 4: (a) XRD patterns and (b) Raman spectra of the FTO substrate and a thin film of MoS; electrodeposited from solution 5.0.

and 1T phases of MoS; (Figure 4b). The appearance of the J,
J,, and J3 peaks around 150, 226, and 326 cm™! confirmed the
presence of the 1T metallic phase. Whereas the two Raman
vibration modes, E; (in plane) and Ay, (out of plane), ob-
served at 376 and 403 cm™!, respectively, are attributed to the
2H semiconductor phase [31-33]. The three first-order Raman
modes, Apg, Epg, and Ej, (283 cm™), are attributed to vibra-
tional modes of the S—-Mo-S layer. Other well-known multi-
phonon bands, namely Ajg-LA (188 cm™!), LA (355 cm™)),
2LA (455 cm™1), and 2E g (553 cm™!) have also been observed
[34-36]. The 1T phase exhibits a higher electroactivity than the
2H phase. Also, the 1T phase tends to transform into the 2H
phase at high temperatures (Figure 4b) [1,17,36]. Therefore, the
freshly prepared MoS,/FTO electrodes (without heat treatment)
were used to examine the electrocatalytic activity towards the
I37/1" redox couple as well as directly used as CEs for DSSCs.

Electroactivity of MoS, CEs

The electrocatalytic activity of MoS, CEs towards the I37/1”
redox couple was investigated and compared to that of a Pt CE.
As can be seen in Figure 5, there are two redox pairs
(Ox/Red;) and (Ox,/Red;). These redox peaks were well
defined as the oxidation and reduction of iodide and triiodide
3I" = 2¢7 = I37 (Oxy), I3~ + 2¢” — 31" (Red;) and
2137 — 2e” — 31, (Oxyp), 31, + 2e” — 213~ (Redy) [6-9].

Since the reduction of I3~ to I on the CE plays a vital role in
the regeneration of the oxidized dye molecules on the
photoanode of the DSSCs, the electrocatalytic behavior of
MoS, CEs was further evaluated regarding the first redox
couple (Ox/Red;). Various parameters including anode/
cathode peak potentials (Epox1, EpRed1), peak-to-peak voltage
separation (Epp), and anode/cathode peak current densities
(Jox1» JRed1) were calculated and presented in Table 1. The Epy,
value for MoS; CEs was slightly larger than that of Pt CE
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Figure 5: CV curves of MoS, CEs prepared with different concentra-
tions of reaction precursors compared to that of Pt CE, recorded in
ACN solution of 10 mM I, 20 mM KI, and 0.1 M LiCIOyq; a scan rate of
100 mV-s~! was used.

confirming their excellent electrocatalytic activity. The JRreqi
values of MoS, CEs decreased in the order: MoS,-1.25 = Pt >
MoS;-2.5 > MoS,-5.0 (see Table 1). This demonstrated that in-
creasing the concentration of the precursor solution resulted in
the increase in the thickness of the MoS, film and, thus,
reduced the electrocatalytic activity.

Further study of the electrocatalytic behavior of the MoS, CEs
was carried out by using the EIS technique under dark condi-
tions using full cells assembled from different MoS,/FTO CEs
or a Pt/FTO CE. The Nyquist plots for these cells exhibited two
semicircles as presented in Figure 6. The first semicircle in the
high-frequency region is associated with the reduction of I3~ at
the cathode (CE/electrolyte), while the second one in the low-

frequency region is attributed to electron transport in the TiO,
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Table 1: Electrochemical parameters from CV measurements of MoS, and Pt CEs.

CE Ep0x1 (V) EpRed1 (V)
Pt 0.195 -0.355
MoS»-1.25 0.208 -0.432
MoS»-2.5 0.208 -0.373
MoS»-5.0 0.226 -0.415

film in the back reaction at the TiO,/electrolyte interface
(TiOy/dye/electrolyte). EIS data were fitted using an equivalent-
circuit model including the series resistances of electrolyte and
FTO substrate (Rg) and the charge-transfer resistances on the
CE/electrolyte and TiO,/dye/electrolyte interfaces (R.¢; and
R.t») associated with the corresponding constant phase ele-
ments (CPE1 and CPE2) as described in Figure 6 (Figure 6,
insert).

—a— (a) CE:Pt Ra IRE
2004 —e—(d) CE: MoS -5.0 ° T ©
A—(c) CE: MoS,-2.5 » °
—v— (b) CE: MoS,-1.25 T
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N/‘\
g 100 i
: '
=
S
: Anode
N 50 »‘"" TS
v A .‘o
1 > ) i\
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Figure 6: Nyquist plots of DSSCs using different MoS,/FTO and Pt/
FTO CEs, the inset shows the equivalent circuit model.

The fit values for Ry and R reflect the catalytic behavior of
CEs in DSSCs and are presented in Table 2. The Ry value for
MoS; CE-based DSSCs slightly increased with the thickness of
the films and is comparable to that of Pt CE-based DSSCs. This
is due to the high conductivity of the metallic 1T phase of MoS;

Epp (V) Joxi (MA-cm=2) JRedt (MA-cm™2)
0.550 4.450 -6.059
0.640 4.476 -5.965
0.581 4.257 -5.511
0.641 3.695 -5.057

and is in good agreement with Raman analysis. Under dark
conditions, the R value for MoS, CE-based DSSCs (from
52.6 to 78.5 Q-cm?) was found to be significantly higher than
that of Pt CE-based DSSCs (3.6 Q-cm?), indicating slower
charge transfer kinetics at the MoS,/electrolyte interface com-
pared to the Pt/electrolyte interface. The high peak current den-
sity value for I3~ reduction from CV analysis obtained for
MoS,-based CEs was therefore attributed to the high number of
catalytically active sites located on the edge planes of the MoS;
films.

DSSC performance

To further evaluate the effect of MoS, morphology and thick-
ness on the performance of the DSSCs, the photovoltaic perfor-
mance of DSSCs using different MoS, CEs was investigated
under illumination. The J-V curves and the corresponding
photovoltaic parameters of DSSCs are given in Figure 7 and
Table 2, respectively. The DSSC using MoS;-1.25/FTO CE
displayed an excellent photovoltaic performance compared to
that with a Pt/FTO a CE. In particular, the obtained value of
16.3 mA-cm~2 for the short-circuit photocurrent (/) was found
to be higher than that of Pt/FTO CE (15.3 mA-cm™2). This is at-
tributed to the high number of catalytically active sites together

with the low resistance of this MoS, film.

Although the electrocatalytic ability regarding the reduction
of I3~ of MoS, was lower than that of Pt, other parameters in-
cluding an open-circuit voltage (V) of 0.69 V, a fill factor (FF)
of 0.66, and a PCE of 7.33% of this MoS, CE-based DSSCs
were comparable to those of a DSSC based on a Pt CE
(Voc =0.75 V, FF = 0.75, PEC = 8.66%) and to values found in

Table 2: Photovoltaic parameters and EIS data of the DSSCs based on different MoS, CEs and a Pt CE.

CE Jso (MA-CmM™2) Ve (V) FF

Pt 15.30 0.75 0.75
MoS,-1.25 16.30 0.69 0.66
MoSy-2.5 14.85 0.68 0.63
MoS5-5.0 14.90 0.67 0.53

n (%) Rs (Q-cm?) Ret (-cm?) 1 (ms)
8.66 16.1 3.60 23
7.33 14.8 52.6 30
6.39 16.6 65.8 31
5.31 175 78.5 40
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Figure 7: Photovoltaic performance of DSSCs fabricated with different
MoSy/FTO and P/FTO CEs.

other reports (Table 3). The PCE for DSSCs using MoS, with
different thicknesses decreased in the order: MoS,-1.25 (very
thin film) > Mo0S,-2.5 (50 nm) > M0S5-5.0 (500 nm). This is in
good agreement with the trend of Ry and R values (see
Table 2 and Table 3). The effect of film thickness on the elec-
trical conductivity of the MoS, films was also investigated by
I-V measurements (see Supporting Information File 1, Figure
S2 and Table S1). The electrical conductivity of the as-pre-

Table 3: Performance summary of MoS»-based CEs for DSSCs.

Beilstein J. Nanotechnol. 2022, 13, 528-537.

pared MoS; decreased in the order: MoS,-1.25 (75 mS-cm™}) >
MoS,-2.5 (61 mS-cm™!) > M0S,-5.0 (46 mS-cm™!). This
suggests that the thickness of the MoS, film has a significant
effect on the catalytic ability and photovoltaic performance of
the CE in DSSCs. Additionally, the electron lifetime (1) indi-
cates the recombination kinetics of electrons in the mesoscopic
TiO; film of the DSSCs. This parameter can be calculated from
the peak frequency (fihax) of the low-frequency semicircles
(T = 1/21f1ax)- The T values measured under dark conditions for
DSSCs devices fabricated from various CEs are presented in
Table 2. The T values for DSSCs fabricated with MoS;, CEs
were higher than those of a DSSC using a Pt CE and increased
in the order: DSSCs-MoS;-1.25 < DSSCs-MoS;-2.5 < DSSCs-
MoS,-5.0. A longer electron lifetime indicates a slower recom-
bination process within the DSSCs fabricated with MoS,/FTO
CEs. The stability of the devices was tested by repeating the I-V
measurements every week (Supporting Information File 1,
Figure S3). The PCE value of a DSSC fabricated using MoS,-
1.25 showed a slight decrease of 2.6% and reached stability
after two weeks of testing under ambient conditions. This sug-
gested that the MoS,-1.25/FTO CE has reversible redox activi-
ty and electrochemical stability. The electrochemical stability of
the MoS,/FTO CE should provide long-term stability for solar
cell devices. However, more work needs to be done to improve
the efficiency of this DSSC device [36-39].

MoS, CE Method Voc (V) Jsc (MA-cm=2)  FF n (%) Ref
MoS,/FTO chemical bath deposition 0.73 15.92 0.61 7.14 [1]
MoS,/FTO sputtering 0.71 13.17 0.64 6.00 [9]
MoSo/FTO hydrothermal 0.70 18.37 0.58 7.41 [10]
1T MoS,/FTO hydrothermal 0.73 18.76 0.52 7.08 [11]
2H MoSy/FTO hydrothermal 0.73 6.78 0.35 1.72 [11]
MoS,/FTO hydrothermal 0.74 16.96 0.66 8.28 [12]
porous MoSo/FTO  hydrothermal/spin coating 0.76 15.4 0.53 6.35 [13]
flower-shaped hydrothermal/spin coating 0.70 13.73 0.52 5.23 [13]
MoS,/FTO

MoSo/FTO wet-chemical process 0.68 18.46 0.58 7.01 [14]
MoSo/FTO spin coating/thermal reduction 0.73 16.91 0.52 6.35 [15]
multilayered spray coating 0.75 15.81 0.25 2.92 [16]
MoS,/FTO

few-layered exfoliation of ML-MoS, powder and ~ 0.74 14.90 0.16 1.74 [16]
MoS,/FTO spray coating technique

MoS» thermal decomposition 0.75 14.72 0.49 5.41 [16]
nanoparticles/FTO

MoSo/FTO potentiostatic 0.72 15.68 0.63 7.16 [22]
MoSo/FTO potentiostatic 0.78 16.18 0.54 6.89 [24]
MoSo/FTO potential reversal 0.76 16.16 0.71 8.77 [24]
layered MoS,/FTO  cyclic voltammetry 0.69 16.29 0.66 7.33 this work
honeycomb-like cyclic voltammetry 0.67 14.90 0.53 5.31 this work

MoSo/FTO
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Conclusion

We synthesized successfully MoS; thin films with layered or
honeycomb-like structures onto FTO substrates by the CV
route. The morphology and thickness of the MoS, films can be
effectively controlled by adjusting the concentration of the pre-
cursor solution. In detail, MoS, formed a layered thin film with
a thickness of about 50 nm when the concentration level ratio
between (NHy)>Mo070,4 and Na,S was 2.5/15 (solution 2.5, see
Experimental section). Honeycomb MoS, was formed with a
thickness of about 500 nm from solution 5.0 (with a concentra-
tion level ratio between (NH4),Mo070,4 and Na,S of 5/30). In
addition, as-prepared MoS, films have been used as an alterna-
tive CE to Pt in DSSCs. The short-circuit photocurrent (Jy.) was
higher than that of a Pt/FTO CE. Moreover, the highest perfor-
mance of solar cells was found with the layered MoS, film
thank to good electrical conductivity, a high number of catalyti-
cally active sites, and the thickness of the MoS, film. The
MoS,/FTO films could be applied as non-Pt electrodes for
DSSCs in the near future.

Experimental

Materials and reagents

Ammonium molybdate tetrahydrate ((NHy)gM07074-4H50,
99.98%), sodium sulfide nonahydrate (NayS-9H,0, 99.99%),
potassium chloride (KCl, 99%), acetonitrile (ACN, CH3CN,
99%), dimethyl sulfoxide (DMSO, (CH3),S0, 99.5%), ethanol
(EtOH, CH3CH,0H, 99.8%), guanidinium thiocyanate
(NH,C(=NH)NH;-HSCN, 99%), iodine (I, 99.8%), 1-methyl-
3-propylimidazolium iodide (C7H3INy, 98%), 4-tert-butylpyri-
dine (CoH 3N, 98%), valeronitrile (CH3(CH,)3CN, 99.5%),
chloroplatinic acid hexahydrate (H,PtClg-6H,0O, 237.50% Pt),
sulfuric acid (HpSOy4, 95-98%), polyvinylpyrrolidone (PVP,
(CgH9NO),,, average My, 10,000), and sodium borohydride
(NaBHy4, 99%) were purchased from Sigma-Aldrich (Germany).
Low-temperature thermoplastic sealant (Surlyn, 25 um), 18NR-
T transparent titania paste (particle size of 20 nm), 18NR-AO
active opaque titania paste (particle sizes of 20 and 450 nm),
fluorine-doped tin oxide (FTO, TECS glass plates, 8 Q-cm™2,
2.2 mm thickness), and N719 industry standard dye (N719)
were purchased from Dyesol (Australia). All commercial chem-
icals were of analytical grade and were used as supplied with-
out further purification.

Electrodeposition of MoS» thin films

Thin films of MoS, with different morphologies were electrode-
posited onto FTO substrates by the CV method. MoS; elec-
trodeposition was carried out using an Autolab 302 N (Eco
chemie, Netherlands) connected to a three-electrode cell. Ac-
cordingly, a Pt mesh, an Ag/AgCl (ALS, Japan), and the FTO
plate (1.5 x 1.5 cm) were used as the counter electrode (CE),
the reference electrode (RE), and the working electrode (WE),
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respectively. Prior to CV electrodeposition, the FTO substrates
were first cleaned in a 1% Hellmanex solution at 70 °C for
30 min in an ultrasonic bath, then washed three times in
distilled water, dried by nitrogen flow, and finally treated in a
UV ozone chamber for 5 min to obtain the cleaned FTO elec-
trode. Precursor solutions were prepared by dissolving
(NH4)Mo07074 (x mM) and Na,S (y g-L’l) in distilled water,
the pH of the solution was adjusted to 6.0 using a 20% (v/v)
H;SO4 solution, KCl1 (0.1 M) was used as the supporting elec-
trolyte. The concentration ratio between (NH4),Mo70,4 and
Na;S was kept constant (x/y = 1:6) with different concentration
levels including 1.25:7.5 (solution 1.25), 2.5:15 (solution 2.5),
and 5:30 (solution 5.0). The CV measurement was performed
under a dynamic potential between —1.0 V and 1.0 V for ten

cycles at a scan rate of 100 mV-s™! in a nitrogen atmosphere.

Fabrication of DSSCs

DSSCs with an active area of 0.25 cm? were assembled using
the pre-cleaned FTO plates (1.5 x 1.5 cm) for the fabrication of
anode and cathode. For cathode preparation, MoS,/FTO CEs
were prepared with different morphologies from the above
MoS; samples. The obtained CEs were designated as MoS,-
1.25/FTO, Mo0S,-2.5/FTO, and MoS,-5.0/FTO. For compari-
son, a Pt-based CE (Pt/FTO) was fabricated by soaking the
cleaned FTO glasses in PVP—platinum suspension at 45 °C for
5 min, followed by washing with distilled water. The PVP—plat-
inum suspension was prepared as follows: First, 1.0 g of
H,PtClg was dissolved in 150 mL of distilled water, then 0.5 g
PVP was added to the above solution under stirring for 10 min.
Finally, to this solution, NaBHy solution (1.17 g NaBH4 was
dissolved in 124.8 mL of distilled water, stirred for 3 min) was
added at a rate of 1.5 mL/min until the color of the mixture

solution turned into black.

For the fabrication of the photoanodes, the cleaned FTO elec-
trodes were first pretreated by immersion in a 40 mM TiCly
solution at 70 °C for 30 min and rinsed with distilled water and
ethanol. The treated FTO electrodes were then successively
coated with a transparent 18NR-T titania paste (three layers)
and an active opaque 18NR-AO titania paste (one outer layer)
by the screen-printing method using 43T mesh. The printed
electrodes were dried at room temperature for 5 min, then at
120 °C for 5 min after each printed layer, and finally heated at
450 °C under airflow for 30 min. When the temperature was
cooled down to 70 °C, the electrodes were dipped in N719 dye
(0.3 M N719 in the mixture DMSO/EtOH, v/v = 1:9) for 12 h to
obtain the photoanodes.

For cell assembly, the DSSCs were fabricated in a nitrogen at-

mosphere using a glove box. Typically, the photoanode and the
MoS;-based CE were sealed together by a hot-melt Surlyn film
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using a thermopress, pressed at 170 °C for 15 s. The electrolyte
solution (0.1 M guanidinium thiocyanate, 0.03 M iodine, 1 M
1-methyl-3-propylimidazolium iodide, 0.5 M 4-tert-butylpyri-
dine in a mixture of valeronitrile/acetonitrile with a volume
ratio of 0.15:0.85) was then injected into the cell through
predrilled holes on the CE. The holes were then covered with a
thin glass slide using the same thermopress method as de-
scribed above to obtain DSSC devices. DSSCs assembled using
the CE fabricated from precursor solutions 1.25, 2.5, and 5.0
were denoted as DSSCs-MoS;-1.25, DSSCs- MoS,-2.5, and
DSSCs-MoS,-5.0, respectively. For comparison, DSSCs based
on Pt/FTO CE (DSSCs-Pt) were also fabricated under the same
conditions.

Characterizations of MoS thin films

X-ray diffraction (XRD) analysis was carried out using a
D8 Advance (Bruker, Germany) with a copper anode (Agq =
1.54 A). Raman spectroscopy measurements were performed on
a LabRAM HR 800 Raman Spectrometer (HORIBA Jobin
Yvon) with an excitation laser source at 532 nm. The morpholo-
gy of MoS, thin films was analyzed by an ultrahigh-resolution
field-emission scanning electron microscope (FE-SEM, Hitachi
SU-8010, Japan). The electrochemical catalytic activity of the
MoS,-based CEs was studied regarding the I37/I" redox couple
(prepared with 10 mM I, 20 mM KI, and 0.1 M LiClOy4 in
acetonitrile) and compared to that of a FTO/Pt CE by CV.

DSSC characterizations

Photoelectrochemical measurements were performed using an
Oriel SollA class ABB solar simulator (Oriel-Newport-USA,
Model No. 94061A). Simulated sunlight of 100 mW-cm™2
(1 sun) was generated and corrected by a 1000 W Xe lamp and
an AM 1.5 filter. The photocurrent density—voltage (J-V)
curves of the DSSCs were measured using a Keithley model
2400 multisource meter. Electrochemical impedance spectros-
copy (EIS) of the fabricated DSSCs was carried out using an
Autolab 302 N equipped with a FRA 32M module. The EIS
measurements were carried out at open-circuit voltage with an
alternating voltage amplitude of 10 mV under dark conditions
in a frequency range between 0.01 Hz and 100 kHz. The effi-
ciency of the DSSCs was analyzed and reported as the average
of three cells.

Supporting Information

Supporting Information File 1

Additional experimental data.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-13-44-S1.pdf]
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Abstract

LaFe,Ni;_,O3 perovskite oxides were prepared by the sol-gel method under various conditions, including different pH values (pH
0 and pH 7) and different calcination temperatures (500-800 °C) as well as different Fe/Ni ratios (1/9, 3/7, 5/5, 7/3, 9/1). The sam-
ples were examined by XRD, DRS, BET, and SEM to reveal their crystallinity, light-absorption ability, specific surface area, and
surface features, respectively. The photocatalytic Fenton reaction was conducted using various LaFe,Ni;_,O3 perovskite oxides to
decompose the methylene blue molecules. Accordingly, the synthesis condition of pH 0, calcination temperature at 700 °C, and Fe/
Ni ratio = 7/3 could form LaFe( 7Nij 303 perovskite oxides as highly efficient photocatalysts. Moreover, various conditions during
the photocatalytic degradation were verified, such as pH value, catalyst dosage, and the additional amount of HyO,. LaFe( 7Nij 303
perovskite oxides could operate efficiently under pH 3.5, catalyst dosage of 50 mg/150 mL, and HyO, concentration of 133 ppm to
decompose the MB dye in the 1st order kinetic rate constant of 0.0506 s~!.
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Introduction

With the advancement of science and technology, the world's
population is increasing, leading to the fact that factories are
consuming more and more resources. Water inevitably plays a
vital role in industrial development among the demanded
resources. According to the World Resources Institute (WRI),
the demand for freshwater has continued to rise since the 1960s
[1]. The inseparable relationship between water and human
urban economic activities has been strong. Particularly, agricul-
tural irrigation and animal husbandry have consumed the
world's largest water. As the global population increases, the
water demand for agricultural planting also increases yearly [2].
Moreover, there is abundant industrial wastewater produced [3].
It originates from the increased demand for electricity, fuels,
textiles, and other related industries that consume water [4].
However, it leads to a severe environmental issue due to a large
amount of discharged wastewater. For example, domestic
wastewater mainly includes organic pollutants from excrement,
clothing, cleaning lotion, etc. On the other hand, wastewater
discharged from the industry often contains biological drugs,
such as antibiotics and pesticides. These drug residues in
various industries would enter the drinking water source. It
threatens human health and makes bacteria and viruses resis-
tant to drugs, significantly impacting the environment [5].
Notably, wastewater without proper solutions would eventually

significantly affect natural ecology and people’s quality of life.

Dyes are widely used in various living areas, such as paint,
leather, textiles, oil wax, etc. Accordingly, a large amount of
dye wastewater is produced every day. Dye wastewater refers to
dyes remaining in the aqueous solution during the textile
process. The amount of dye wastewater is enormous and has
gradually become the main wastewater discharged in the
industry [6]. At present, dyes are mainly divided into azo dyes,
thiazine dyes, acridine dyes, and aryl methane dyes. Due to
their complex chemical structure and high chromophore, it is
not conducive to most biological and physical treatments. Thus,
wastewater is regarded as a threat to the environment and
health. As environmental awareness is gradually increasing,
many countries are currently starting to control the use of
harmful azo dyes [7].

On the other hand, pharmaceuticals' personal care products
(PPCPs) are also sources of organic pollutants in wastewaters.
PPCPs cover prescription drugs, nutritious foods, and personal
health products that may cause environmental impacts. Among
the medicines, tetracycline is antibiotics, which belong to a sub-
category of natural or semi-synthetic polyketides. Tetracycline
consists of a linear tetracycline nucleus, exhibiting antibacterial
activity, which may affect the biological system after

discharging [8]. As the population has become dense, vigorous
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industrial activities, and the animal husbandry industry is rela-
tively developed nowadays, leading to the wide use of antibiot-
ics and drugs. However, most of these substances are eventu-
ally released into rivers or oceans, considerably impacting the
domestic water and aquatic environments [9].

Several methods deal with wastewater with organic pollutants,
such as adsorption, coagulation, filtration, and chemical and
biochemical oxidation [10,11]. Advanced oxidation processes
(AOPs) have recently attracted attention due to their simple
operation, low cost, and potentially high effectiveness. AOPs
are the technologies that use various chemical methods to treat
wastewater to purify water quality, such as electrochemical oxi-
dation [12], Fenton method [13], ozonation [14], and photocat-
alysis [15]. They can achieve a fast reaction rate and extremely
high organic removal ratio under average temperature and pres-
sure to remove or decompose organic substances in wastewater
[16]. Among these procedures, the Fenton method causes nu-
merous interests due to its convenience and effectiveness.
Notably, the Fenton method can produce many hydroxyl radi-
cals (-OH) by introducing divalent iron solution and hydrogen
peroxide, as shown in Equation 1 below.

Fe?* +H,0, - Fe’* +OH™ +OH’ (1)

The Fenton method exhibits high oxidation capability and low
selectivity for removing most organic substances. It can decom-
pose organic pollutants into smaller organic molecules and
generate carbon dioxide, water, and inorganic ions [17]. Gener-
ally, the ferrous ion employed in the Fenton reaction is from
ferrous sulfate (FeSO,4), which can provide a uniform reaction
system due to its high solubility. Unfortunately, it might cause
two severe shortcomings in the Fenton reaction process. First,
ferric ions (Fe3*) formed in the Fenton reaction will interact
with the excess hydroxide ion (OH™) to produce Fe(OH)3
precipitation, which is called iron sludge. It might decrease the
activity and lead to the termination of the Fenton reaction.
Second, ferric ions might easily cause complicated chain reac-
tions with organic matters, resulting in the formation of Fe3*
complexes or other intermediate products. Such complexes
might compete with the hydroxyl radicals, eliciting a degrada-

tion of the reaction performance [18].

In recent years, the Fenton method has gradually developed into
a new scenario of oxidation method, called photo-Fenton, which
is facilitated or driven by the light source. Compared with a
typical Fenton reaction, a photo-Fenton reaction excited by ul-

traviolet light or visible light can achieve a faster reaction rate
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and a complete degree of oxidation [19]. Besides, it shows a
positive relationship between light intensity and photocatalytic
activity. With the assistance of light irradiation, the hydrogen
peroxide can be remarkably transformed into redox radicals,
followed by destroying the organic pollutants. Meanwhile, the
remaining divalent iron complexes in the system can return to
the circulation of hydrogen peroxide reaction and continuously
form new hydroxide radicals [20]. Therefore, based on our
knowledge of photocatalysis [21,22], the benefits of Fenton
reaction and photocatalysis are combined to develop a concep-
tual catalytic design to expand the photocatalytic pathway of
Fenton oxidation, called photocatalytic Fenton-like reaction or
heterogeneous photo-Fenton-like reaction [23].

LaFeOj3 perovskite oxides are promising materials to conduct
Fenton-like oxidation to decompose organic pollutants with
light irradiation. Some literature exhibits the capability of
LaFeO3 perovskite oxides as photocatalysts to degrade organic
contaminants. Li et al. prepared intrinsic LaFeO3 or SmFeO3
nanoparticles via the sol-gel method to decompose rhodamine-
B under visible light irradiation. With the assistance of H,O», it
shows a synergistic effect between photocatalytic reaction and
heterogeneous photo-Fenton-like reaction [23]. Furthermore,
the strategies of being loaded over supports (such as g-C3Ny
[24], carbon spheres [25], BiOBr [26], and Ag,CrOy4 [27]) to
form heterojunction structures or doping other atoms into
LaFeOj3 [28] are comprehensively developed. For instance,
Orak et al. impregnated LaFeO3 or LaTig ;5Feq g503 on the
monolithic cordierite structure, which could provide light trans-
mittance and suitable surface area for degrading methylparaben.
Although Ti-doped catalyst was expected as a semiconductor to
enhance the photocatalytic efficiency, pure LaFeO3 still
revealed the better performance of methylparaben photodegra-
dation than LaTig ;5Feq 8503 [28]. On the contrary, Garcia-
Muiloz et al. attempted to substitute Ti to Fe within LaFeOs as
the mediator of heterogeneous Fenton-like reaction to remove
4-chlorophenol in water. The network with Ti substitution
(Ti/Fe molar ratio = 0.21) provided stronger robustness, result-
ing in lower iron release and higher activity enhancement [29].
Ti-doped, Mn-doped [30], and Cu-doped [31] LaFeO3 were in-
vestigated to conduct a photocatalytic Fenton-like reaction.
Jauhar et al. demonstrated that Mn substituting Fe within
LaFeO3 with the molar ratio of 0.1-0.5 displayed the effect of
being used as a heterogeneous photocatalyst for dye degrada-
tion. Though it was proven that Mn-doped LaFeOj3 could en-
hance the activity of heterogeneous photo-Fenton-like reactions,
the influence of Mn content on the activity was not significant
[30]. Phan et al. verified that Cu-doped LaFeO3 exhibited phys-
icochemical properties to decolorize methlyorgane, methylene
blue, and rhodamine B under visible light irradiation. Their

optimal sample was LaFe( gsCug 1503, which could remove
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dyes much more efficiently due to more generation of hydroxyl
radicals than pure LaFeO3 [31].

Ni-doped LaFeO3 was ubiquitously employed as a photo/ther-
mal catalyst or a catalyst precursor for VOCs combustion [32],
hydrogen production from ethanol [33], hydrocarbon fuels pro-
duction from CO, and H,O [34], syngas production from dry
reforming [35], steam reforming of methane [36], or combined
reforming of methane with CO; and O, [37]. Meanwhile,
LaNiOj3 photocatalysts also played an essential role in photocat-
alytic reactions for wastewater [38]. Fe doping of LaNiOj
revealed the potential of tuning bandgap and boosting the light
absorption to degrade RhB [39]. However, little literature
comprehensively and systematically discusses the effect of dif-
ferent doping ratios on photocatalytic reactions. Moreover,
LaNiOj revealed broad absorption in the visible light range
[38], so the Ni doping was expected to improve the visible light
harvesting of LaFeO3. Accordingly, little literature explored the
effect of Ni substitution to LaFeO3 on the performance of pho-
tocatalytic Fenton-like reaction to degrade dye pollutants in
water. Therefore, in this study, various contents of Ni-doped
LaFeOj3; were examined to remove organic pollutants under
simulated solar light irradiation. Methylene blue is the represen-
tative compound of thiazine dyes and tetracycline is the indi-
cator pollutant to represent the antibiotics of PPCPs accordinly.

Results and Discussion
Material characterization of various

photocatalysts

X-ray powder diffraction (XRD) was used to reveal the struc-
ture of the materials. In the synthesis step of LaNiOj3, the calci-
nation temperature was set to 500, 600, 700, and 800 °C, re-
spectively, and the samples were named LaNiO3-500, LaNiO3-
600, LaNiO3-700, LaNiO3-800 in sequence. The uncalcined
sample was noted as LaNiO3-NC. As shown in Figure 1, there
was no crystalline LaNiO3 signal for the sample of LaNiO3-NC,
but there were other signals for other samples indicating the
presence of Lay,NiO4 (42.8°, JCPDS Card #011-0557), NiO
(37.3°, 43.3°, JCPDS Card #04-0835), and La;0,CO3 (13.1°,
22.8°,29.6°, 31.3°, JCPDS Card #23-0322) signals, respective-
ly [40]. The sample calcined at 500 °C exhibited the more
apparent signals belonging to La;O,COj3 and NiO. The signal
of LaNiOj did not appear for LaNiO3-500, indicating that the
temperature of 500 °C was not enough to form LaNiO3. With
the increase of temperature up to 600 °C, some obvious 20
signals of LaNiOj crystalline appeared, including 23.3°, 32.8°,
41.2°,47.3°, 58.6°, and 68.8°. These peaks indicated the crystal
planes (012), (110), (202), (024), (211), and (220) of LaNiO3,
respectively, conforming to JCPDS Card #033-0711 [41].
LaNiO3-700 and LaNiO3-800 performed similar peak positions
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with higher intensity of signals. Accordingly, the crystal diame-
ter of LaNiO3 was calculated by Scherrer's equation [42]. The
crystal diameters of LaNiO3-600, LaNiO3-700, and LaNiO3-
800 were 8.5 nm, 11.9 nm, and 14.6 nm, respectively. It could
be seen that the higher the calcination temperature, the higher
the crystal size will form.

N . La,0,CO,
=« NiO
A La,NiO,
* LaNiO;
LaNiO;-800 ¥ *
3
L] LaNi0,-700
>
2
3
§ LaNiO,-600 R
£
LaNiO,-500 .
. * 2 n A=
LaNiO;-NC
10 20 30 40 50 60 70
20 (degree)

Figure 1: The characteristic XRD patterns of LaNiO3 at different calci-
nation temperatures.

Similarly, LaFeO3 samples with different calcination tempera-
tures of uncalcined, 500, 600, 700, and 800 °C were noted as
LaFeO3-NC, LaFeO3-500, LaFeO3-600, LaFeO3-700, and
LaFe0O3-800, respectively. In Figure 2, there was no signal for
the uncalcined sample. While the calcination temperature was
set at 500 °C, the signals of the LaFeO3 crystalline phase
appeared. The diffraction peak of LaFeO3 became stronger as
the calcination temperature increased. As shown in Figure 2, the
26 peaks of 22.6°, 32.2°, 39.6, 46.3°, 57.4°, and 67.4° indicated
the crystal planes of (101), (121), (220), (202), (240), and (242),
according to JCPDS Card #037-1493 [43]. With the increase in
calcination temperature, the higher crystal diameters of LaFeO3
calculated by Scherrer's equation were obtained. The crystal di-
ameters was 18.5 nm, 25.4 nm, 29.1 nm, 35.0 nm for LaFeO3-
500, LaFe0O3-600, LaFeO3-700, LaFeO3-800, respectively,
suggesting higher calcination temperature caused higher crys-
tallinity for LaFeO3. Moreover, all LaFeO3 samples revealed
higher crystal diameters than LaNiO3, indicating LaFeOj
tended to grow crystal than LaNiO3 at a certain calcination tem-
perature. However, high temperature might cause particle
aggregation, leading to the lower surface area. Therefore, a
moderate temperature of 700 °C was selected to obtain the
perovskite materials. On the other hand, the XRD of LaFeO3-
800 indicated the appearance of Fe,O3 at 20 peaks of 32.9°,
38.3°,47.3° (JCPDS Card #39-0238) and La;O3 at 20 peaks of
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25.3°, 52.0°, 54.1° (JCPDS Card #40-1281). Especially, the
peak of 32.9° for LaFeO3-800 was much clearer than that of
LaFeO3-700, suggesting that the calcination temperature was

too high and caused the formation of Fe,Os3.

. =« Fe,0;
A La,0;
* LaFeO;
— * *
n . N
2 LaFeO;800 ) . . . *
Z
‘a | LaFeO3-700
c
o
L
£ | LaFeO;-600
LaFe0,-500 h
A A A "
LaFeO;-NC
10 20 30 40 50 60 70

20 (degree)

Figure 2: The characteristic XRD patterns of LaFeOg3 at different calci-
nation temperatures.

In addition, samples with various doping proportions of Fe/Ni,
including 0.1/0.9, 0.3/0.7, 0.5/0.5, 0.7/0.3, and 0.9/0.1 were syn-
thesized. The pH value was adjusted at O during synthesis, and
the calcination temperature was fixed at 700 °C. The samples
were named LaFeOj3, LaFeq 9Nip O3, LaFeg 7Nip 303,
LaFe045Ni0_5O3, LaFeO_3Ni0.7O3, LaFeoilNi0_903, LaNiO3 to
represent the different Fe/Ni doping ratios. In Figure 3, the
signals of LaFeO3 and LaNiOj were identified by JCPDS Card
#037-1493 [43] and JCPDS Card #033-0711 [41], respectively.
Among these peaks, the main characteristic peak around 32°
was slightly shifted for different Fe/Ni doping ratios, indicating
that Fe and Ni were successfully doped into the structure of
perovskite oxides. It is interesting to note that LaFe( 7Nip 303
had a stronger signal than other doped samples. The crystal di-
ameters of samples with various Fe/Ni doping ratios were also
calculated by Scherrer's equation, as shown in Figure 4, which
ranged from 9.5 to 31.3 nm. When the Fe/Ni ratio was manipu-
lated at 7/3, the sample had the largest crystal diameter of
31.3 nm. The better crystallinity caused less recombination of
electron-and-hole pairs, and subsequent reactions might occur
more effectively [44]. On the other hand, The unit cell parame-
ters and cell volume were also estimated from the XRD patterns
and summarized in Supporting Information File 1, Table S2.
Since the peaks of LaFeq sNig 503, LaFey 7Nip 303, and
LaFe( gNig ;O3 were closed to LaFeOj3, the unit cell parameters
and interplanar spacing were calculated based on the model of
orthorhombic LaFeO3 (JCPDS card: 037-1493) using Bragg’s
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law [45]. Meanwhile, LaFe( 5sNig 503, LaFe 3Nig 703, and
LaFeg 1Nig 9O3 were also calculated based on the model of hex-
agonal LaNiOj3. As a result, the lattice constant and cell volume
were slightly expanded. It was interesting to note that
LaFe( 7Nip 303 revealed a relatively larger expansion, which
had a higher cell volume, suggesting a better separation of
photo-induced electron and hole pairs.

L] F0203
a La,O;
* LaFeO;
+ LaNiO,
LaFe, ,Ni, ;05
3| LaFe, ,Ni, ;0,
2 A A . )
g LaFe, sNi, sO k
‘o | Lakie) sN1y sO3
§ A N\ A
= LaFe3Ni, ,0;
LaFe, ;Ni, ,0;
LaNiO; N k * A .k *
10 20 30 40 50 60 70

20 (degree)

Figure 3: The characteristic XRD patterns of LaFeyNi;_4O3.
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Figure 4: The crystal diameters of samples with various Fe/Ni doping
ratios.

The UV-vis absorption capability with diffuse reflectance spec-
troscopy (DRS) and photographs of various LaFe,Nij_,O3
perovskite oxides with different proportions were shown in
Figure 5a and 5b. Except for LaFeO3 which was brown, the
rest of the perovskite oxides doped with Ni became black. Since
pristine LaNiO3 was black, it exhibited the total absorption in
the ultraviolet—visible light spectrum, consistent with the litera-
ture comparison [46]. For comparison, LaFeOj3 revealed an
apparent absorption shoulder between 500 and 600 nm in

Beilstein J. Nanotechnol. 2022, 13, 882—-895.

Figure 5a, similar to the previous study [47]. To enhance the
light absorption of LaFeOs, it was an effective method to dope
Ni into the perovskite oxides. Accordingly, the samples were
doped with Ni to form LaFe,Ni;_,O3 perovskite oxides that
could absorb the most visible and ultraviolet light spectrum.
Thus, the prepared Ni-doped LaFeO3 perovskite oxides were
presented as black, as shown in Figure 5b. They successfully in-
creased the absorption efficiency of visible light and utilized
more visible light effectively.

1 —
(2)
0.8
=
Z0.6 -
o
=
'§ LaFeO;
5 0.4 4 — LaFey,Ni,,0;,
= — LaFe(;Niy30;3
< — LaFe 5Niys0;
0.2 - LaFe 3Nig;0;
— LaFey;Niy 03
— LaNiO;
0 r r r r
300 400 500 600 700 800
Wavelenth(nm)

Figure 5: (a) The DRS spectrum and (b) the pictures of samples with
various Fe/Ni doping ratios.

In order to determine the specific surface area, pore size,
and pore volume of the prepared perovskite oxides, the
analysis of nitrogen adsorption and desorption was performed.
As shown in Supporting Information File 1, Figure S1, all
LaFe,Ni;_,O3 perovskite oxides were in line with Type IV
isotherm according to their hysteresis phenomenon. The
Brunauer-Emmett-Teller (BET) result of the pristine LaFeO3
and LaNiOj corresponded to the result in the literature [48,49].
The pore size distribution of the samples was shown in Figure
S2. The distribution between 2 and 50 nm indicated that the pre-

pared perovskite oxides were mesoporous. The summary of the
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specific surface area, pore size, and pore volume for all the
samples with different Fe/Ni ratios was presented in Table S1.
In Figure 6, it could be found that the LaFe( 7Nip 303 with the
Fe/Ni ratio of 7/3 had the highest specific surface area, pore
volume, and pore size, suggesting there was more possibility for
LaFeq 7Nip 303 to adsorb and react with the molecules on the
surface. On the other hand, the prepared samples might also be
considered non-porous materials with inter-particle pore voids,
since their low surface area might come from the external sur-
face, indicating that LaFeqy 7Nip 303 had the highest external

surface area for reaction.

Surface area (m?/g)

0.1 1

0.08 1

0.06 1

10.79

0.04 o [ 7 £
7.18 0

625 6.17

Pore Volume (¢cm®/g)

01 19 37 S5/5 73 91 1/0
Fe/Ni

Figure 6: Specific surface area, pore size, and pore volume of the
samples with different Fe/Ni ratios.

Figure 7 revealed the field emission scanning electron micros-
copy (FESEM) images at the magnification of 100,000x%, the
surface of the samples with different Fe/Ni ratios were irregular
and slightly different from each other. The grain surfaces of the
pure LaNiO3 and LaFeO3 were chestnut-like. The observed ap-
pearance was also similar to the literature situation [50]. With
the increased Fe content, some small lumps formed on the sur-
face. When Fe/Ni ratio reached 7/3, relatively abundant small
particles were generated than other samples. Small particles of
LaFe( 7Nip 303 would increase the surface area, which was
consistent with the trend of the results detected by BET. On the
other hand, it is interesting to note that the pH value during syn-
thesis could affect the appearance of LaFe,Ni;_,O3. The sam-
ples prepared at pH 0 showed more uniform than that at pH 7
(shown in Supporting Information File 1, Figure S3). It indicat-
ed that the protons in the sol-gel solution could help the separa-
tion of LaFe,Ni;_, O3 crystals, leading to less particle aggrega-
tion. Moreover, the elemental analysis of the samples was also
carried out using energy dispersive spectroscopic (EDS). The
Fe contents of the samples with different Fe/Ni atomic ratios
were identified. EDS detection showed that the synthesized
samples exhibited the accurate Fe/Ni atomic ratios as designed.
The detailed EDS data was provided in Table S3. The
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lanthanum, nickel, iron, and oxygen were analyzed from the

samples, and the carbon was detected from the carbon tape.

MB removal test using various
photocatalysts prepared at pH 0 or pH 7

The standard concentration of MB aqueous solution was pre-
pared at 20 ppm. Various LaFe,Ni;_, O3 perovskite oxides pre-
pared at pH 0 were examined for dark adsorption and photocat-
alytic degradation. First, dark adsorption was not significant for
all perovskite oxides since their specific surface areas were low.
After 30 min, to confirm the achievement of dark adsorption-
desorption equilibrium, the photocatalytic reaction occurred
under the irradiation of simulated AM 1.5G solar light with
adding H,O,. By monitoring the C/C( of MB, the performance
of all perovskite oxides prepared at pH O or pH 7 were depicted
in Figure 8a and 8b, respectively. LaFeO3 had the highest
content of Fe3* ions so that it could generate more hydroxyl
radicals with HyO; in the solution, resulting in the best perfor-
mance of MB degradation. LaFeO3 could completely degrade
MB after 45 min of simulated solar light irradiation due to the
Fenton effect of Fe3* [51]. On the contrary, LaNiOs did not
conduct the Fenton-like effect; therefore, it exhibited poor pho-
tocatalytic ability. Fe's phenomenon revealed better catalytic ac-
tivity than Ni, similar to the previous study [52]. It might result
from Ni's apparent activation energy being higher than Fe's for
producing oxidizing species [53]. Although Fe was attempted to
be doped into LaNiO3, LaFe( Nig 9O3 and LaFe( 3Nig 703 still
exhibited low photocatalytic capability. Until Fe doped amount
was up to 50% for replacing Ni, the photocatalytic performance
of LaFe( 5sNip 503 was enhanced much more apparent than that
of LaFe( 3Nig 703. It indicated that Fe3* plays a vital role in in-
volving MB degradation. As the Fe doped content increased,
LaFe( 7Ni( 303 reached the highest photocatalytic capability,
originating from its largest surface area and crystal diameters. A
larger surface area would enhance the surface reaction with the
aqueous solution, and larger crystal diameters could decrease
the possibility of recombining electron-and-hole pairs. Howev-
er, while the Fe doped content was set at 90%, replacing Ni, the
photocatalytic capability was reduced due to the lower surface
area and smaller pore size. The above inference was consistent
with the cases of the samples prepared at pH 0 and pH 7. Inter-
estingly, the performance of the perovskite oxide prepared at
pH 0 was much better than that prepared at pH 7. It was derived
from the fact that more uniform structural features of the
perovskite oxide prepared at pH O were achieved than the
condition at pH 7. Moreover, the photocatalytic performance of
physically mixed 70% LaFeO3 and 30% LaNiOs3 could be esti-
mated based on the result of MB degradation using 70%
LaFeOj (since LaNiO3 showed no MB degradation). The degra-
dation of 70% LaFeO3 in 30 min was approximately 60.0%.
Considering the light shading effect by LaNiO3, the MB photo-
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Figure 7: The FESEM images of LaFe,Ni{_xO3 prepared at pH 0 (at the magnification of 100,000x).

degradation of physically mixed 70% LaFeO3 and 30% LaNiO3
might be lower. On the contrary, the LaFeq 7Nip 303 showed
78.5% of MB degradation in 30 min. Therefore, we believed
there would be a benefit of doping Ni to improve the photodeg-
radation.

In Figure 9, by taking the negative natural logarithmic value of
C/Cy, it was observed that all the degradation trends were in
line with first-order kinetics:

—ln£=kt
G

where k was the rate constants of MB degradation reaction; ¢
was the reaction duration in min. As shown in Table 1, for pho-
tocatalytic Fenton-like reaction to decompose MB dye, LaFeO3
had the fastest degradation rate (k = 0.1072 prepared at pH 0;
k = 0.0086 prepared at pH 7). It might be due to the higher
content of Fe ion for LaFeO3 than LaFe( 7Nip 303. However,
we would like to focus on the doping effect on photocatalytic
reaction so that Feg 7Nip 303 was the target material to be
further analyzed and characterized. Comparing the samples
co-doped with Fe and Ni, LaFe( 7Nij 303 exhibited a higher k
value of 1st order reaction than other co-doped samples.
LaFe( 7Ni 303 had a larger crystal diameter and higher specif-
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Figure 8: MB degradation experiments using various LaFeyNi{_4O3 el 7

with different Fe/Ni ratios prepared at (a) pH 0; (b) pH 7.

ducted for the samples prepared at pH 0 in Table 1. However,
ic surface, which improved the separation of photogenerated  the R? values were too low to represent their kinetic model.
charge carriers and the efficiency of the surface reaction. For  Therefore, 1st order reaction kinetics was more suitable for
comparison, the second-order kinetics analysis was also con-  describing the kinetic model of LaFe,Ni;_,O3.

Table 1: The kinetic analysis of LaFe,Nij_,O3 perovskite oxides prepared at pH 0 and pH 7.

pH value Reaction kinetics analysis LaFeO3 LaFeg gNig.1O3 LaFeg 7Nip.303 LaFeg 5Nip.503
1st order k 0.1072 0.0339 0.0506 0.0254
Ho R2 0.9616 0.9808 0.9584 0.9876
P ond order k 0.8043 0.0313 0.4098 0.0125
R2 0.6892 0.4846 0.5404 0.6184
k 0.0086 0.003 0.0039 0.002
pH7 1st order >
R 0.9903 0.9691 0.9838 0.9517
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MB removal test under different conditions
using LaFeq 7Nig 303 prepared at pH 0

The pH value of the solution was a strong effect on photocata-
lytic degradation [54]. Accordingly, different pH values of solu-
tion using LaFeq 7Nig 303 perovskite oxides prepared at pH 0
were examined for photocatalytic degradation. Thus, the MB
aqueous solution was adjusted to pH 1.5, 3.5, and 5.5. The per-
formance of the photocatalytic Fenton degradation was
measured at different pH values in Figure 10. After 120 min of
simulated solar light irradiation, the degradation performance at
1.5, 3.5, and 5.5 were 97.9%, 100%, and 25.2%, respectively.
The pH value at 3.5 revealed the highest photocatalytic perfor-
mance, in which MB pollutants were completely degraded
within 105 min. Based on the 1st order kinetic analysis, the
reaction rate constants (k) at pH 1.5, 3.5, and 5.5 were 0.0254,
0.0506, and 0.002, respectively. While the pH value was too
high, the hydrogen peroxide in the solution was easily decom-

Q061 +pH 1.5
S A apH3.5
0.4 - \ s s
A— s
o =1
0.2 LN
o A
0 — —
0 30 60 90 120
Time (min)
(b)
7 1 .
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o
<X 4 +
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) T — ‘ : .
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Time (min)

Figure 10: (a) The C/Cq and (b) 1st order kinetic analysis of the MB
photodegradation using LaFeq 7Nip 303 operating at different pH
values.
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posed into oxygen and water [55]. On the other hand, when the
pH value was too low, the solution tended to generate too many
hydrogen ions, which would react with hydrogen peroxide to
form water, leading to a decrease in the photocatalytic degrada-
tion performance [56]. Therefore, the operating condition of the
pH value was set at 3.5.

After manipulating the operating pH value, the pH of the solu-
tion was fixed at 3.5. The dosages of LaFe( 7Nip 303 perovskite
oxides were further examined. In this study, the amount of the
MB solution was 150 mL, and various LaFeq 7Nip 303
perovskite oxides, including 30 mg (200 ppm), 50 mg
(333 ppm), 80 mg (533 ppm), and 100 mg (666 ppm) of cata-
lyst were put into the reactor for photocatalytic degradation
reaction. As shown in Figure 11a, the degradation perfor-
mances after 120 min photocatalytic reaction were 55.7%,
100%, 98.8%, and 97.3%, respectively. Comparing the condi-
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o 8-333 ppm
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0.8 1
% --666 ppm
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0
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Figure 11: (a) The C/Cq and (b) 1st order kinetic analysis of the MB
photodegradation using LaFeq 7Nip 303 operating at different catalyst
dosages.
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tions of 30 mg (200 ppm) and 50 mg (333 ppm), it could be
found that if more LaFe( 7Ni( 303 perovskite oxides were added
to the solution, a better photocatalytic degradation performance
would be obtained. However, while too many LaFe( 7Nip 303
perovskite oxides were added, the excess catalyst would inhibit
light penetration into the suspension. Thus, the availability of
light energy was reduced, resulting in a reduction of the photo-
catalytic degradation capability [30]. Accordingly, the degrada-
tion performance was calculated by the 1st order kinetics, as
shown in Figure 11b. It could be known that when the catalyst
dosage was 30 mg (200 ppm), 50 mg (333 ppm), 80 mg
(533 ppm), and 100 mg (666 ppm), their reaction rate constants
k were 0.007, 0.0242, 0.0314, and 0.0506, respectively. There-
fore, the pH of the solution was 3.5, and the catalyst dosage was

50 mg for the following examination.

Moreover, the amount of hydrogen peroxide added was manip-
ulated in advance. Similarly, the amount of contaminant solu-
tion was 150 mL. The pH value of the solution was fixed at 3.5,
the catalyst dosage was 50 mg, and hydrogen peroxide was
added in various amounts, such as 5 uL (33 ppm), 10 pL
(66 ppm), 20 pL (133 ppm) and 60 pL (400 ppm), respectively.
The photocatalytic degradation experiment results were shown
in Figure 12a. With the increase of hydrogen peroxide addition,
the degradation capability after 120 min simulated solar light ir-
radiation was 69.4%, 97.2%, 100%, and 99.9%, respectively.
Then, their 1st order kinetics analysis was also depicted in
Figure 12b. The reaction rate constants k of various conditions
by adding different amounts of H,O, were obtained as 0.0086,
0.0251, 0.0326, and 0.0506, respectively. It could be concluded
that adding more H,O; could increase the hydroxyl radicals in
the aqueous solution and improve the performance of photocat-
alytic degrading pollutants. However, when too many hydroxyl
radicals were generated, the hydroxyl radicals in the aqueous
solution would combine with excess HyO, to form superoxide
hydrogen radicals and water [56], reducing the degradation
capability.

Accordingly, the optimal operating conditions were summa-
rized together: (1) the pH value of the aqueous solution was 3.5;
(2) the amount of catalyst added was 50 mg in 150 mL solution
(333 ppm); (3) the amount of hydrogen peroxide added was
20 uL. The MB removals contributed to the photocatalytic reac-
tions and the Fenton reactions simutaneously. In order to further
understand the effect of the photocatalysis and the Fenton reac-
tion in the degradation reaction, some degradation tests were
also carried out as controlling experiments for comparison, in-
cluding: (1) without adding photocatalyst (No catalyst),
(2) without light (No light), and (3) without adding H,O, (No
H,0,), as shown in Supporting Information File 1, Figure S4a.
It could be observed that in the case of no catalyst added, the
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Figure 12: (a) The C/Cq and (b) 1st order kinetic analysis of the photo-
degradation using LaFeg 7Nig 303 operating at different H,O5 addition.

degradation was only 2.2% after 120 min, suggesting that HyO,
might not be easy to form -OH radicals under visible light irra-
diation to carry out the degradation reaction. Then, the degrada-
tion of the case without adding H,O, was approximately 4.9%
after 120 min. It indicated that the heterogeneous Fenton reac-
tion might play a more critical role than the photocatalytic reac-
tion. Another possibility, even though LaFe( 7Nip 303 was a
visible-light-driven photocatalyst, its electron—hole recombina-
tion was still too severe, resulting in relatively poor perfor-
mance of MB removal. Next, the result of the case without light
indicated the Fenton reaction was carried out without light.
After 120 min, it was found that the degradation reached 69.2%.
LaFe( 7Nip 303 catalyst contained iron ions, which could
certainly convert H,O, into -OH and achieve a certain degree of
degradation. Finally, compared with the above-mentioned
controlling cases, the degradation under original conditions
(All) reached 100% at 120 min, attributed mainly to the Fenton
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reaction and the photocatalysis, which could multiply the func-
tion of hydroxyl radicals. Their performances of MB degrada-
tion were calculated by 1st order kinetics, as shown in Figure
S4b. The reaction rate constants k of different conditions:
(1) No cat., (2) No HyO», (3) No light, and (4) All, were 0.0002,
0.0005, 0.0096, and 0.0506, respectively. Moreover, the com-
parison of the prepared LaFe( 7Nig 303 with other materials
from the literature was also listed in Table S4. It showed that
Fe(.7Nip.303 samples revealed comparable photodegradation

performance to other composite materials.

Moreover, the degradation of TC using LaFe( 7Niy 303 pre-
pared at pH 0 was also carried out under the optimal conditions
of pH 3.5, catalyst = 333 ppm, and H,O, = 20 pL as shown in
Supporting Information File 1, Figure S5a. The TC concentra-
tion could drop by nearly 93.3% in 30 min of light irradiation
compared with the initial concentration (20 ppm). The TC was
degraded entirely in 60 min. Since there were multiple polar
groups (hydroxyl group) within the chemical structure of TC
[57], it was easy to attract the hydroxyl radicals in the TC solu-
tion, resulting in a better photocatalytic performance than MB.
The kinetic rate constant of TC degradation was also calculated,
as shown in Figure S5b. Accordingly, the reaction rate con-
stants k of photodegrading TC and MB were 0.10991 and
0.0506, respectively, indicating LaFe( 7Niy 303 revealed a great

potential to decompose other organic pollutants.

Conclusion

In this experiment, LaFe,Ni;_,O3 perovskite oxides were suc-
cessfully synthesized by the sol-gel method. The calcination
temperature and the pH value were manipulated during synthe-
sizing LaFe,Ni;_, O3 photocatalysts. Through XRD, it could be
found that the calcination temperature must be higher than
700 °C to reveal the clear crystal phase. Moreover, the
LaFe,Ni;_,O3 photocatalysts prepared at pH 0 exhibited higher
photocatalytic performance than at pH 7 due to more uniform
structural features for the condition of pH 0. On the other hand,
the Fe/Ni doping ratio during the synthesis was detected by
XRD, indicating that the sample with the Fe/Ni ratio of 7/3
could obtain the largest crystal diameter with a better crys-
tallinity. Meanwhile, the perovskite oxides with the Fe/Ni ratio
of 7/3 had the highest specific surface area according to the
BET BET measurement, which was conducive to photocataly-
sis. Furthermore, with changing the conditions during degrada-
tion, the pH value of the solution, the amount of catalyst
dosage, and the amount of H,O, added were examined. A
higher pH value in the solution would cause hydrogen peroxide
quickly decompose into oxygen and water. When the pH value
was too low, the solution tended to produce too many hydrogen
ions, which would combine with hydroxyl radicals to form

water. An unsuitable pH value would decrease the photocatalyt-
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ic degradation capability so that the operating pH was set at 3.5.
Similarly, the catalyst could perform better with the increase of
the additional amount. However, excess catalysts would inhibit
light penetration and decrease light availability. Accordingly,
the catalyst dosage was set at 50 mg. On the other hand, H,O,
could enhance the generation of the hydroxyl radicals in the
aqueous solution. Unfortunately, when excess HyO, produced
too many hydroxyl radicals, the hydroxyl radicals would com-
bine with HO, to form hydrogen peroxide radicals and water,
reducing the poor photocatalytic degradation. The amount of
H;0O, added was suggested at 20 pL. To sum up, the
LaFe,Ni;_, O3 perovskite oxides could be the photocatalysts to
conduct the photocatalytic Fenton reaction to decompose the
MB pollutants under the irradiation of simulated AM 1.5G solar
light. It could be seen that the LaFe,Ni;_,O3 perovskite oxides
could be used as an environmentally to catalyze the photocata-
lytic degradation of pollutants.

Experimental

Materials

The precursors of LaFe,Nij_,O3 for La, Fe, and Ni were
lanthanum nitrate hexahydrate (99.9%, La(NO3)3-6H,0, Alfa
Aesar), ferric nitrate nonahydrate (298.0%, Fe(NO3)3-9H,O0,
J.T. Baker), and nickel nitrate hexahydrate (98.0%,
Ni(NO3),-:6H,0, Showa), respectively. The citric acid (95.0%,
CgHgO7) and ammonia (28.0-30.0%, NH4OH) were both ob-
tained from J.T. Baker Chemicals. Ethanol (95.0%, C,HsOH)
was purchased from Echo Chemical. Hydrochloric acid (>37%,
HCI) and hydrogen peroxide (50%, H,O,) were acquired from
Honeywell Research Chemicals and OCI company, respective-
ly. Model compounds, including methylene blue (=98.0%, MB,
C16H1gN3SCl) and tetracycline (298.0%, TC, Cy2H4N,Og),
were provided from Sigma-Aldrich. Commercial tungsten oxide
(99.8%, WO3) was bought from Alfa Aesar.

Synthesis of LaFeyNi{_,O3

The LaFe,Ni;_,O3 catalysts were synthesized via the sol-gel
method with citric acid crosslinking reaction, followed by self-
propagating high-temperature synthesis. First, 0.02 mol
lanthanum nitrate hexahydrate (La(NO3)3-6H,0), ferric nitrate
nonahydrate (Fe(NO3)3-9H,0), and nickel nitrate hexahydrate
(Ni(NOj3),-6H,0) were dissolved in deionized water to form the
mixed solution. Various photocatalysts with different molar
ratios of Fe/Ni were manipulated at 0.1/0.9, 0.3/0.7, 0.5/0.5,
0.7/0.3, and 0.9/0.1. Accordingly, the chemical stoichiometric
ratios of Fe and Ni were noted as x and 1—x, respectively.
Second, 0.1 mol citric acid (CgHgO7) was also dissolved into
the mixed solution as the cross-linking agent to gradually form
the gel solution with light brown color. The pH value was
adjusted to pH 0 or pH 7 with ammonia (NH4OH). The total

volume of the brown solution was controlled at 100 mL, fol-
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lowed by being heated at 110 °C for 60 min with continuous
stirring to remove water. Citric acid acted as a chelating agent
during the dehydration process, so condensation and polymeri-
zation reactions occurred between citric acid and nitrate to
chelate metal ions. Subsequently, the gel was formed and trans-
ferred to a high-temperature furnace for pre-calcination by self-
propagating combustion in an air environment of 300 °C. The
combustion duration was 20 min to remove the excess colloid
of the gel and generate loose powders. After that, the obtained
powder was ground with an agate grinder evenly and calcined
under the air environment at different temperatures (500 °C,
600 °C, 700 °C, 800 °C) for 5 h. With further grinding
uniformly, the LaFe Ni;_,O3 perovskite oxides were prepared

ultimately.

Photocatalysts characterization

The LaFe,Ni;_,O3 photocatalysts were characterized by D8
advance (Bruker, Germany) to reveal the X-ray powder diffrac-
tion (XRD) patterns. The Cu Ka target was facilitated under
40 kV to generate the X-ray with A = 0.15406 nm. The 26
diffracting angle was set from 10° to 70° with a scan rate of
4 °/min. The crystalline sizes of the LaFe,Ni;_,O3 perovskite
oxides were further obtained by Scherrer’s equation. To obtain
the morphologies of the prepared samples, S-4800 (Hitachi,
Japan) was employed to conduct field emission scanning elec-
tron microscopy (FESEM). The light absorption spectra of the
perovskite oxides were inspected using V-670 (Jasco, Japan) to
examine the UV-vis absorption capability with diffuse reflec-
tance spectroscopy (DRS) from 200 to 800 nm. The nitrogen
adsorption—desorption analyzer, ASAP 2020 PLUS (ASAP,
USA), was applied to determine the specific surface area of the
as-synthesized samples via the BET (Brunauer—Emmett—Teller)
method. The calcination temperature of the perovskite oxides
was determined via a Thermogravimetric Analyzer (SDT 2960,
TA Instruments, USA).

Photocatalytic MB and tetracycline

degradation

The photocatalytic activity of LaFe,Ni;_, O3 photocatalysts was
examined by evaluating the performance of photocatalytic MB
degradation. 300 W Xe-lamp equipped with AM 1.5G filter
(Newport Corporation, USA) was used as the light source in the
degradation experiment. The light intensity was adjusted to
100 mW/cm? calibrated with a light intensity meter Model
1919-R (Newport Corporation, USA). First, 150 mL of 20 ppm
MB solution was prepared and transferred to a quartz reactor.
Perovskite oxide photocatalysts with 30 mg, 50 mg, 80 mg, and
100 mg were placed into the reactor. Furthermore, different
amounts of 50% H,O, (5 pL, 10 pL, 20 pL, and 60 pL) were
also transferred into the reactor via micropipettes. The pH of the

reactor solution was adjusted to 1.5, 3.5, and 5.5 by adding
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hydrochloric acid. Then, the photocatalysts were deposited into
the reactor with the magnet stirring at 600 rpm. Before light ir-
radiation, the MB concentration reached adsorption—desorption
equilibrium in 30 min in the dark, which was recorded (Cy).
After that, the simulated AM 1.5G solar light was turned on,
and the photocatalytic reaction occurred. The MB concentra-
tions (C) were monitored every 15 min by sampling 5 mL of
solution, then filtering the samples through a 0.22 pm needle
filter. The MB concentrations were evaluated using the UV—vis
spectrometer U-2910 (HITACHI, Japan). The detection range
was set from 200 to 800 nm. The scanning rate was
400 nm/min. The maximum absorption peaks of MB and TC
solution were at 664 nm and 356 nm, respectively.

Supporting Information

Figure S1: The nitrogen adsorption and desorption curves
of the samples with different Fe/Ni synthesis ratios at pH 0.
Figure S2: Pore size distribution of the samples with
different Fe/Ni synthesis ratios. Figure S3: The FESEM
images of LaFe,Ni;_,O3 prepared at pH 7 (at the
magnification of 100,000x). Figure S4: (a) The C/Cy and
(b) the 1st order kinetic analysis of the photodegradation
using LaFe( 7Ni( 303 operating at different controlling
conditions. Figure S5: (a) The C/Cy and (b) 1st order
kinetic analysis of the MB and TC photodegradation using
LaFe( 7Ni 303 operating at the optimal condition. Table
S1: The specific surface area, pore size, and pore volume
for the samples with different Fe/Ni ratios. Table S2: The
unit cell parameters and cell volume for the samples with
different Fe/Ni ratios. Table S3: The detailed EDS
information of various samples with different Fe/Ni ratios.
Table S4: The comparison of photodegradation
performance over various LaFeOs-related samples.

Supporting Information File 1

Additional figures and tables.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-13-79-S1.pdf]
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Zinc oxide nanoparticles (ZnO NPs) were successfully synthesized by a green method using rosin and zinc chloride as salt precur-

sors. The phase structure, morphology, and particle size of ZnO were determined by X-ray powder diffraction, field emission scan-

ning electron microscopy, and high-resolution transmission electron microscopy. The fabricated ZnO NP samples are crystalline

with a grain size of 30—100 nm. The ZnO NPs were used as catalysts for the photodegradation of methylene blue (MB) and methyl

orange (MO) under visible and UV light. The results indicate that the prepared ZnO material excellently removed MB and MO
(Cinitiat = 10 mg/L) with efficiencies of 100% and 82.78%, respectively, after 210 min under UV radiation with a ZnO NP dose of

2 g/L. The photocatalyst activity of the synthesized material was also tested under visible light radiation with the same conditions;

however, it achieved lower efficiencies. In addition, ZnO NPs were also tested regarding their antibacterial activity, and the results

showed that the prepared ZnO samples had the highest (i.e., 100%) antibacterial efficiency against E. coli.

Introduction

Currently, industrial development has generated a large number
of pollutants which are released into the environment. The
textile industry is one of the sources of organic pollution which
is harmful to the environment and humans. Various technolo-
gies have been proposed to remove organic pollutants from
water, including coagulation coupled with sedimentation, bio-
logical processes, membrane filtration, adsorption, advanced

oxidation, catalysis, and photocatalysis [1-3]. Using semicon-

ductors as photocatalysts has been a widely studied approach
for the complete removal of organic pollutants due to their
advantages. Semiconductors can act as catalysts for the com-
plete degradation of organic substances when excited by light
with an energy value higher than their bandgap. Among many
semiconductors, TiO, and ZnO are widely used as photocata-
lysts. ZnO has a higher quantum efficiency than that of TiO,

since it absorbs more energy in the UV region [4-7]. Further-

1108


https://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:nhuvtt@hcmute.edu.vn
https://doi.org/10.3762/bjnano.13.94

more, ZnO is a low-cost photocatalyst with high photocatalytic
activity, nontoxicity, light sensitivity, and stability [8-10]. The
photodegradation of organic substances by the use of ZnO cata-
lysts occurs when ZnO is illuminated by light. When excited by
light with an energy greater than the bandgap of ZnO, electrons
from the valence band (VB) are excited to the conduction band
(CB) to form photogenerated electrons in the CB and photogen-
erated holes in the VB [11,12]. These photogenerated electrons
and holes migrate to the surface of ZnO to react with H,O and
0O, to generate O,"~ and “OH radicals, which oxidize organic
substances. In addition, ZnO nanoparticles (NPs) have high
antibacterial activity against bacteria, high biocompatibility, and
are nontoxic to human cells [12,13]. Many studies have proven
the antibacterial effect of ZnO [14,15] and also that nanoscale
ZnO has a more effective antibacterial activity than that of large
ZnO [12,16].

Various approaches for synthesizing nanosized materials have
been investigated. Among these approaches, chemical and
physical routes have their own disadvantages, such as adverse
environmental effects due to the use of environmentally
unfriendly chemicals or to the release of heat into the environ-
ment [17]. Therefore, the development of green approaches is
necessary. The biosynthetic process using plant extracts as an
alternative route is a promising method for synthesizing nano-
materials due to its rapid, low-cost protocol, and safety to the
environment [18]. Numerous studies applied green methods for
the synthesis of ZnO nanoparticles from plants, fruits, plant
extracts, and seaweeds [19-22]. Rafaie et al. [23] used Citrus
aurantifolia extracts to synthesize ZnO NPs with a size range of
50-200 nm. Sangeetha et al. and Gunalan et al. used Aloe vera
leaves as a precursor to synthesize ZnO with a size range of
25-45 nm [24,25]. Many studies have synthesized nanosized
ZnO for antibacterial and photocatalyst applications. Nava et al.
[26] prepared ZnO NPs using Camellia sinensis extracts and
applied ZnO NPs to degrade methylene blue (MB). Ambika et
al. [12] synthesized ZnO by a green method using a precursor
from the Vitex negundo plant extract and zinc nitrate, and anti-
microbial properties of ZnO NPs were demonstrated against

E. coli and S. aureus bacteria.

As mentioned previously, plant extracts were used as common
precursors for nanomaterial synthesis due to their relatively
high levels of the steroids, saponins, carbohydrates, and
flavonoids which act as reducing agents and phytoconstituents
as capping agents, providing stability to the nanoparticles [27].
Rosin is also a plant-derived material containing different resin
acids, especially abietic acid and pimaric acid with a general
chemical formula of CygH300, (C19Hp9COOH) [28]. It is the
inexpensive and eco-friendly solid byproduct obtained after

refining turpentine from Pinus latteri trees to produce turpen-

Beilstein J. Nanotechnol. 2022, 13, 1108-1119.

tine oil, which is usually used as a precursor for many indus-
trial applications such as paints, inks, adhesives, soap, and glue
production [28]. Obviously, there is a high potential of using
rosin as a green precursor for nanomaterial synthesis. Lack of
information regarding this application has been reported. This is
the motivation for this study which is focused on synthesizing
nanosized ZnO materials by the sol-gel method using rosin as a
green precursor. ZnO NPs were synthesized by a sol—-gel two-
step method from the green precursor rosin and zinc chloride
salt. The antibacterial activity of the synthesized ZnO material
against Escherichia coli (E. coli) was studied. In addition, the
study also determined the ability of ZnO NPs to act as photocat-
alysts and to degrade dyes including MB and methyl orange
(MO).

Experimental Design

Materials

Rosin was purchased from a Vietnamese company (Loc Thien
Investment development Co., Ltd.), which was produced by
distilling turpentine from Pinus latteri trees in Vietnam. The
rosin used in this study is a clear, hard, brittle solid, which is
light yellow to pink in color. Zinc chloride (ZnCl,) and sodium
hydroxide (NaOH) were provided by Xilong Scientific Co., Ltd.
Methylene blue and methyl orange were purchased from Merck
Co., Ltd. Nutrients and agar powder were provided by Titan
Co., Ltd. All reagents were of analytical grade. ZnCl, and
NaOH were diluted in DI water with low conductivity
(0.06 uS/cm). Escherichia coli (E. coli VTCC-B-482) was used
for the antibacterial experiments and purchased from the Hanoi
National University.

Preparation of zinc oxide nanoparticles by

green syntheses

The ZnO NPs were synthesized by two steps. Firstly, the
saponification reaction of rosin was performed using NaOH to
create sodium resinate, and zinc resinate was subsequently syn-
thesized from sodium resinate. Rosin (4 g) was dissolved in
24 mL of 0.5 N NaOH at 90 °C under magnetic stirring for
90 min. Then, 40 mL of ZnCl, (10%) was added to the mixture
which was stirred for 60 min to form zinc resinate. The suspen-
sion containing zinc resinate was then filtered and washed with
hot distilled water to remove impurities. The zinc resinate was
then calcined in a furnace with an increasing temperature rate of
5 °C/min to 600 °C and held for 30 min to obtain pure ZnO
nanoparticle powder. The relevant reactions that form zinc
resinate are shown in Equation 1 and Equation 2. The schematic
illustration of the synthesis of ZnO nanoparticles is shown in
Figure 1.

C19H29COOH +NaOH —» C19H29COON3 + H20 (1)
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24 mL NaOH (0.5 N) ZnCl, (10%)
ZnO NPs
sodium resinate wash S annealed 600 °C
filter 120 min -

90 °C, 90 min 60 min

Figure 1: Schematic illustration of the synthesis of ZnO nanoparticles.

2C19H29 COONa + ZnC12 e (C19H29 COO)2 Zn +2NaCl (2)

Methods for determining the characterization

of the synthesized material

The phase of the synthesized material was determined by X-ray
diffraction (XRD) using a Bruker D8 advanced X-ray diffrac-
tometer equipped with Cu Ko radiation (A = 1.5418 A). The
morphology and size of the synthesized material were deter-
mined by field emission scanning electron microscopy
(FESEM) on a Hitachi S-4800 at 15 kV and high-resolution
transmission electron microscopy (HR-TEM) on a JEOL JEM-
2100. The thermal decomposition of zinc resinate to form ZnO
NPs were studied by thermal gravimetric analysis (TGA) and
differential thermal analysis (DTA) curves using thermal gravi-
metric analysis (DSC131, LABSYS TG/DSC1600, TMv), by
heating up to 1000 °C at a heating rate of 10 °C/min. The zeta
potential was measured by analyzing 0.1 g of ZnO in 10 mL of
water using a Malvern ZetasizerPro. The solid UV-vis DRS
was carried out using a JASCO V550 UV-vis spectrometer.

Photocatalytic degradation reaction

The photocatalytic degradation of a dye solution under visible
and UV light using green-synthesized ZnO nanoparticles from
rosin and zinc chloride salt was investigated using a batch pho-
tocatalytic reactor. Firstly, 0.1 g of ZnO NPs was added to
50 mL of MO or MB solution with an initial concentration of
10 mg/L. The solution was then submitted to magnetic stirring
in the dark for 30 min to equilibrate the adsorption. Subse-
quently, the suspensions were illuminated by a 30 W LED or an
18 W high-pressure mercury lamp. The light source was fixed
at a distance of 20 cm from the surface of the reactor. After
fixed illumination times, 5 mL was withdrawn and centrifuged

at 6000 rpm to measure the dye concentrations. The dye con-

zinc resinate

centration was analyzed by UV-vis spectroscopy (Hitachi
U2900) with maximum adsorption wavelengths of MB and MO
of 664 nm and 464 nm, respectively [29,30]. The degradation
efficiency was calculated using Equation 3.

degradation efficiency (%) = D%, 100%,

- 3)

where c( is the initial dye concentration and c; is the dye con-
centration at a given reaction time.

Determination of the antibacterial efficiency
against E. coli

The experiment was conducted using three different concentra-
tions of ZnO NPs (1, 5, and 10 mg/mL) and two concentrations
of E. coli (5-10% and 5-10° CFU/mL). After adding ZnO NPs
into the solutions containing E. coli, the suspensions were
stirred. Samples were taken out at different contact times of 1,
3, and 6 h to evaluate the influence of time on the antibacterial
efficiency. The solution was obtained after being diluted to
decimal concentrations of 1/10, 1/100, and so forth. After that,
100 pL of the solution containing E. coli was taken using a
micropipette and spread on a plate containing the E. coli cul-
ture medium (consisting of 2.6 g of nutrient broth and 2 g of
agar in 200 mL of distilled water). The plate was incubated at
37 °C for 24 h to determine the amount of E. coli that survived
(i.e., by counting colonies). Each experiment was repeated three
times. The E. coli inhibition percentage was calculated via
Equation 4:

Co— G

E. coli inhibition percentage (%) = x100%,

o )
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where ¢ is the initial number of E. coli cells and c; is the aver-

age number of E. coli cells/plate.

Results and Discussion
Characteristics of synthesized ZnO NPs

Figure 2 shows the results of DTA/TG analysis of zinc resinate.
The TGA curve at a temperature range between 30-300 °C
shows an exothermic peak at 172.93 °C and a weight loss of
7%, which corresponds to dehydration of physically adsorbed
water. At temperatures between 300-510 °C on the TG curve, a
mass decrease of 61% was observed, whereas on the DTA
curve, the exothermic peak at 420.62 °C corresponds to the de-
composition of an organic compound. Finally, at temperatures
in the range of 520-800 °C, the weight loss was found to be
32%. The DTA curve indicated an exothermic peak at
570.54 °C, revealing that the decomposition of organic com-
pounds continues and the oxidation of Zn to form the ZnO crys-
talline phase occurs completely. From there, the organic matter
in the zinc resinate begins to decompose at 300 °C. At a temper-
ature of about 600 °C, the organic matter is almost completely
decomposed and only the zinc metal is oxidized to form zinc

oxide.

The XRD diagram of ZnO samples (Figure 3) shows diffrac-
tion peaks located at 20 = 31.81°; 34.44°, 36.26°, 47.57°,
56.64°, 62.88°, 66.41°, 67.96°, 69.12°, 72.72°, 77.01° corre-
sponding to the crystal planes (100), (002), (101), (102), (110),
(103), (200), (112), (201), (004), (202) which characterize the

Beilstein J. Nanotechnol. 2022, 13, 1108-1119.

ZnO wurtzite hexagonal structure (JCPDS card no 36-1451). In
addition, there are no characteristic peaks of other crystals. The
XRD results are consistent with the results of the DTA
mentioned above. Sodium resinate was formed from rosin and
sodium hydroxide as shown in Equation 1. Then, the exchange
reaction between sodium resinate and zinc salt to produce zinc
resinate was conducted as shown in Equation 2. The obtained
zinc resinate is heated at 600 °C to be completely decomposed
and zinc is oxidized by oxygen to form the ZnO crystalline
phase. The ZnO crystal size presented in Table 1 (14-22 nm)
was obtained from the XRD spectrum using the Debye—Scherer
formula (i.e., Equation 5):

kA
BcosO’

&)

where L is the ZnO crystal size (nm), k = 0.9, A = 0.15418 nm
[30], 6 is the Bragg angle, and f is the full width at half
maximum (FWHM).

The morphology and size of ZnO NPs were illustrated using
FESEM and HRTEM. The FESEM image shown in Figure 4 in-
dicates that ZnO NPs have a relatively homogeneous size. The
HR-TEM results and particle size distributions obtained from
the HR-TEM images are shown in Figure 5. The HR-TEM
images in Figure 5a and Figure 5b show the interplanar spacing
of 0.251 = 0.003 nm corresponding to the (101) crystal plane of
Zn0O. The size of ZnO NPs is in the range of 30—-100 nm

5 420.62 (°C) 5
o wn
L Am(%)-3.915
& T.:239.72 (°C) , 2
5 AM (%) -10.666
o T, 335.17(°C) .
5 Am (%) =59.997 ®
~ T, 425.44 (°C)
o —~
S g N2
s @ 570.54 (°C) =
o
2 3 o 3
172.93 (°C) - =
@
o exo d_)
< <
o
@ Am (%) -13.711
T, 565.06 (°C) o
<Q |
N
o ] o
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800

sample temperature (°C)

Figure 2: DTA/TG diagram of the zinc resinate sample.
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Figure 3: XRD diagram of ZnO NPs.

Table 1: Crystal size of ZnO determined from the Debye—Scherer

formula.

Crystal plane 20 FWHM (b) B (rad) L (nm)
(100) 31.81 0.437 0.0076 21.38
(002) 34.44  0.385 0.0067 21.60
(101) 36.26  0.437 0.0076 19.13
(102) 47.57  0.613 0.0107 14.16
(110) 56.64  0.642 0.0112 14.06
(103) 62.88  0.689 0.0120 13.51
(112) 67.96 0.611 0.0110 15.68
(201) 69.12  0.556 0.0097 17.35

2 theta (degrees)

(Figure 5c and Figure 5d) and the average size of ZnO NPs
from the distribution graph (Figure 5e) was about 60 nm in di-
ameter. Furthermore, the results are in line with those reported
by other studies. Stan et al. [31] used plant extracts (garlic,
onion, and parsley) to synthesize ZnO NPs and made ZnO NPs
of 20—70 nm in size. Hassan et al. [32] synthesized ZnO using
Coriandrum sativum leaf extract and zinc acetate dihydrate and
synthesized ZnO NPs with sizes in the range of 9-18 nm.

UV-vis DRS spectra of ZnO were shown in Figure 6a. ZnO
absorbs light in the ultraviolet region. The bandgap energy of
synthesized ZnO was determined by extrapolation of the linear
part of the curve (a-hv)2 as a function of photon energy

Figure 4: FESEM image of synthesized ZnO NPs.
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Figure 5: HR-TEM images of synthesized ZnO NPs.
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Figure 6: UV—vis DRS spectra (a) and plot of (a-hv)? as a function of photon energy for ZnO NPs (b).

(Figure 6b). The bandgap energy of synthesized ZnO was
3.15 eV, which is close to the bandgap value of 3.2 eV of ZnO
shown in a previous report [33]. The zeta potential value
displays the surface charge and stability of ZnO NPs. In this
study, the zeta potential of ZnO NPs was —19 mV (Figure 7),
indicating that ZnO NPs are negatively charged and stable in

aqueous solution.

Photocatalytic degradation of dyes

The photocatalytic degradation of ZnO NPs was evaluated
through the degradation of methylene blue and methyl orange
under visible and UV light and the degradation efficiency was

calculated via Equation 3. Figure 8 shows the degradation
absorption spectra of MO and MB by synthesized ZnO under
visible and UV light for different time intervals. The intensity
of the peak decreased with increasing irradiation time. The
results in Figure 9 show that the degradation efficiency of MB
and MO solutions under UV light was higher than that under
visible light. The degradation of MB (10 mg/L) under visible
and UV light by ZnO NPs was 50.46% and 100%, respectively,
after 210 min of irradiation. The degradation efficiency of MO
(10 mg/L) by ZnO was lower than that of MB (10 mg/L). After
210 min of irradiation by visible and UV light, the MO degrada-
tion efficiency by ZnO NPs reached 33.56 and 82.78%, respec-
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Figure 7: Zeta potential of synthesized ZnO NPs.

tively. ZnO has a rather high bandgap energy; therefore, the
degradation efficiency of organic substances under visible light
is not as high as that under UV light. Maddu et al. [34] studied
the preparation of ZnO NPs with a size of 30 nm. The degrada-
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tion efficiency of MB (5 mg/L) after 150 min of irradiation by
visible and UV light was 40 and 80%, respectively, while syn-
thesized ZnO NPs in this study can degrade more than 90% of
MB (10 mg/L) under UV light after 150 min.

Antibacterial performance of synthesized
ZnO NPs

The experimental results on antibacterial performance of syn-
thesized materials are presented in Table 2, the E. coli inhibi-
tion percentage was calculated via Equation 4. Figure 10a
shows the results of inhibition efficiency of E. coli at an initial
concentration of 5-10* CFU/mL by ZnO NPs with ZnO NPs
doses of 1, 5, and 10 mg/mL and contact time intervals of 1, 3,
and 6 h. The ZnO NP concentration of 1 mg/mL is not enough
to inhibit all E. coli bacteria after 6 h of treatment. By increas-
ing the concentration of ZnO NPs to 5 mg/mL at contact times
of 3 and 6 h, the inhibitory efficiency reached 99.83 and 100%,
respectively. When the dose of the photocatalyst increased to
10 mg/mL, the E. coli inhibition efficiency reached 99.35%
with a contact time of 1 h and the efficiency was 100% when

0.9
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Figure 8: UV-vis spectra of degradation of MO (a, b) and MB (c, d) under visible and UV light.
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Figure 9: Photodegradation efficiency of MO (a) and MB (b) under visible and UV light.

the contact time was 3 h. The results of E. coli bacteria inhibi-
tion by ZnO NPs synthesized by the green method when the
initial concentration of E. coli is increased to 5-107 were shown
in Figure 10b. When the concentration of ZnO was 1, 5, and
10 mg/mL, the inhibitory efficiency on E. coli for 1 h was lower
than that on E. coli at a concentration of 5-10* CFU/mL. When
increasing the ZnO NP concentration to 5 mg/mL, the E. coli
inhibition efficiency reached 99.96% in 6 h and the E. coli inhi-
bition efficiency reached 100% when the ZnO NPs dose was in-
creased to 10 mg/mL with a contact time of 6 h.

Proposed mechanism of photocatalytic dye
degradation and antibacterial activity against
E. coli by ZnO NPs

The mechanism of photocatalytic degradation and E. coli anti-
bacterial activity by ZnO NPs is illustrated in Figure 11. When
ZnO is irradiated with visible or UV light whose energy is equal
or greater than the bandgap of ZnO, the electrons from the VB

of ZnO NPs are excited to the CB generating holes in VB and
electrons in CB. The electrons reduce the oxygen absorbed on
the ZnO surface to form *O,~. These *O,~ species continue
reacting with H,O to form H,O, and *OH. The hole in VB will
react with H,O to produce "OH radicals. These *OH radicals are
strong oxidizing radicals and are mainly present in solution
which can degraded dyes. These radicals can attract MO and
MB molecules, oxidize the dye molecules to degradation prod-
ucts, and finally completely degrade the dyes to CO, and H,O
[35,36].

H,0+ZnO (h{z) = ZnO+ "OH (6)

O, +Zn (ecg) = "0y~ 7
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Table 2: Photographs of E. coli bacterial culture plates formed after E. coli plates were exposed to ZnO NPs at different times.

gﬁgt?\ln;,g E. coli initial concentration: 5:10% CFU/mL E. coli initial concentration: 5:10* CFU/mL
10 mg/mL
ZnO
5 mg/mL
ZnO
1 mg/mL
Zn0O
‘0, +H,0 - HO," +OH" ®) Conclusion
ZnO nanoparticles were synthesized by a green method using
rosin extracted from Pinus latteri trees in Vietnam. The XRD
HO 2‘ +HO 2' — H,0, +0, ) diagram of synthesized ZnO showed that ZnO has the hexago-

.02_ +H202 — HO™ +02 + 'OH (10)

In addition, when ZnO NPs get in contact with E. coli, reactive
oxygen species (ROS), such as *OH, *0,~, O, formed on the
surface of ZnO NPs, will break bacterial cell membranes and
enter the cells destroying organelles and ultimately inhibiting
and shutting off bacteria metabolism [37,38]. The "OH radical is
the most active oxidant which rapidly reacts with bacterial

nucleic acids, lipids, proteins, DNA, and amino acids [39-41].

The O, causes biomembrane oxidation reactions, damaging
tissues [42]. Furthermore, it is reasonable to explain that the ad-
ditional toxicity that causes bacterial death is due to the fact that
zinc solubilization releases Zn%* ions which can infiltrate into
bacterial cell membranes, inhibiting amino acid metabolism and
disrupting the bacterial cell enzymatic system [43-45].

nal wurtzite structure form. The HR-TEM image showed the
interplanar spacing of 0.251 + 0.003 nm corresponding to the
(101) crystal plane of ZnO, and the size of ZnO NPs is in the
range of 30-100 nm. The bandgap energy of synthesized ZnO
was 3.15 eV. Synthesized ZnO NPs showed high photocatalyt-
ic activity in dye degradation (methylene blue and methyl
orange). The photodegradation efficiency of a dye solution by
ZnO NPs under UV is greater than that under visible light. ZnO
NPs completely degraded a MB solution of 10 mg/L for
210 min under ultraviolet light while the MB degradation effi-
ciency achieved 50.46% under visible light. After 210 min of ir-
radiation, the degradation efficiency values of a MO solution of
10 mg/L under visible and UV light by ZnO NPs were 33.56%
and 82.78%, respectively. Furthermore, the synthesized ZnO
NPs exhibited high efficiency against E. coli Gram-negative
bacteria. The E. coli bacteria with concentrations of 10° and
10* CFU/mL was almost completely destroyed after 6 h by ZnO
with concentrations of 1, 5, and 10 mg/mL.
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Figure 10: E. coli inhibition percentage by ZnO with different amounts of ZnO in various contact time intervals, with E. Coli initial concentrations of
5:10* CFU/mL (a) and 5-10% CFU/mL (b).
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Figure 11: Proposed mechanism of photocatalytic dye degradation and antibacterial activity against E. Coli by synthesized ZnO NPs.
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Abstract

Nitric oxide (NO) is an air pollutant impacting the environment, human health, and other biotas. Among the technologies to treat
NO pollution, photocatalytic oxidation under visible light is considered an effective means. This study describes photocatalytic oxi-
dation to degrade NO under visible light with the support of a photocatalyst. MgO@g-C3Ny4 heterojunction photocatalysts were
synthesized by one-step pyrolysis of MgO and urea at 550 °C for two hours. The photocatalytic NO removal efficiency of the
MgO@g-C3Ny heterojunctions was significantly improved and reached a maximum value of 75.4% under visible light irradiation.
Differential reflectance spectroscopy (DRS) was used to determine the optical properties and bandgap energies of the material. The
bandgap of the material decreases with increasing amounts of MgO. The photoluminescence spectra indicate that the recombina-
tion of electron—hole pairs is hindered by doping MgO onto g-C3N4. Also, NO conversion, DeNOx index, apparent quantum effi-
ciency, trapping tests, and electron spin resonance measurements were carried out to understand the photocatalytic mechanism of
the materials. The high reusability of the MgO@g-C3N,4 heterojunction was shown by a five-cycle recycling test. This study
provides a simple way to synthesize photocatalytic heterojunction materials with high reusability and the potential of heterojunc-
tion photocatalysts in the field of environmental remediation.

Introduction

The rapid development of industrialization has been continu-
ously increasing the combustion of fossil fuels, which leads to a

large extent of nitrogen oxide emissions. This particular type of

air pollutant leads to environmental damage (e.g., smog and
acid) and health problems (e.g., COPD and cardiovascular

diseases) [1-3]. Presently, there are different approaches to miti-
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gate NO pollution, including catalyst/non-catalyst [4], oxida-
tion [5], bioprocesses [6], adsorption [7], absorption [8],
and non-thermal plasma technologies [9]. Photocatalytic oxida-
tion is considered a promising approach due to its ability to
degrade various air pollutants with light under ambient condi-
tions [10].

Due to its unique properties, such as high chemical stability and
low synthesis cost, graphitic carbon nitride has attracted consid-
erable attention in the realm of environmental remediation [11-
13]. It is an organic semiconductor that effectively absorbs
visible light due to its small bandgap below 2.7 eV. Because of
this, it has been consistently regarded as a catalyst with excel-
lent optical properties [14,15]. Unfortunately, its narrow
bandgap leads to rapid recombination of electron-hole (e —h™*)
pairs, and the valence band potential of g-C3Ny4 (+1.75 eV) is
more negative than that of HO/*OH (+2.40 eV), reducing the
photocatalytic efficiency [16,17]. A well-known approach for
overcoming this problem in order to achieve increased photo-
catalytic performance is to couple two semiconductors with

optimal band alignment.

MgO is an alkaline metal oxide with wide bandgap (3.5-5 eV),
high availability, non-toxicity, low cost, and native structural
defects [18,19]. The large bandgap energy is the limitation of
MgO, reducing the photocatalytic performance and applicabili-
ty of MgO [20]. Various efforts have been made to enhance the
absorption in the visible light region, including nonmetal and
noble-metal doping, metal deposition, and formation of hetero-
junctions [21,22]. The construction of heterojunction structures
has shown its effectiveness in improving photocatalytic perfor-
mance by enhancing the separation of charge carriers and opti-
mizing the redox potential by coupling two or more semicon-
ductors [23,24], such as Bi;MoOg-based [25-29], BiOCl-based
[30,31], g-C3Ny-based [32-34], ZnO-based [35-37], TiO,-based
[38,39], and MgO-based heterostructured photocatalysts [40].
Among these, the combination of MgO and g-C3N4 with a
lower bandgap is an efficient process for improving the photo-
catalytic performance. Li and co-workers reported an improve-
ment in the photocatalytic efficiency of MgO@g-C3Ny for the
photoreduction of CO, under visible light [33]. Similarly,
MgO-modified g-C3Ny4 nanostructures enhanced the removal
efficiency for NO,, NO, and NO; [12]. However, these studies
only focused on the synthesis of MgO from Mg(NO3),-6H,0,
increasing time and cost of the synthesis process. Commercial
MgO as a precursor material for MgO@g-C3Ny4 heterojunc-
tions has not been studied. Furthermore, there are no relevant
reports on the fabrication of the MgO@g-C3N4 heterojunction
via one-step pyrolysis nor on the photocatalytic pathway of the
MgO@g-C3Ny4 heterojunction for photocatalytic NO removal
under visible light.

Beilstein J. Nanotechnol. 2022, 13, 1141-1154.

In this study, a MgO@g-C3N4 heterojunction was synthesized
via a one-step pyrolysis method using commercial MgO and
urea and, subsequently, characterized. Charge transfer dynam-
ics in the heterojunction and band structure were investigated to
understand the effect of the heterojunction on the photocatalyt-
ic activity. Finally, the photocatalytic pathway of the
MgO@g-C3Ny heterojunction was studied via trapping test,
electron spin resonance (ESR) measurements, and other
methods. This work might be helpful for the development of
MgO@g-C3N4 heterojunction materials.

Experimental

Synthesis of MgO/g-C3N4

For the synthesis of g-C3Ny, 30 g of urea was ground manually
for 30 min and then placed in a 100 mL crucible. Then, the
sample was annealed at 550 °C for two hours and let to cool to

room temperature.

For preparation of the MgO@g-C3N4 heterojunction material,
both MgO and urea were mixed, ground, and placed in a
100 mL crucible, followed by annealing at 550 °C for two hours
(Figure 1). Then, the samples were let to cool to room tempera-
ture naturally. Different mass ratios of MgO and g-C3N4 were
prepared, that is, 1%, 3% and 5%, named as x-MgO@g-C3Ny
(x =1, 3, and 5%).

Characterization

A variety of analytical techniques have been employed to eval-
uate the morphology and the physical, chemical, and optical
properties of the materials. Scanning electron microscopy
(SEM) and high-resolution transmission electron microscopy
(HR-TEM) were used to assess the morphology of the materi-
als. The crystal phase of the materials was determined by X-ray
diffraction (XRD) with a measurement range of 10°-80°.
Fourier-transform infrared spectroscopy (FTIR) was used to de-
termine the chemical bond composition of the materials. Differ-
ential reflectance spectroscopy (DRS) determined the change in
the bandgap of the materials. The elements of the materials
were identified by high-resolution X-ray photoelectron spec-
troscopy (HR-XPS). The photoluminescence (PL) spectra of the
materials was carried out in the form of fluorescence analysis
with an excitation wavelength range of 200-900 nm. Finally,
the photocatalytic mechanism was determined by trapping tests
and ESR measurements.

Photocatalytic performance

The photocatalytic activity of as-prepared MgO@g-C3Ny4 was
evaluated by monitoring NO degradation. The photocatalytic
NO removal experiments were performed using a 4.5 L reac-
tion chamber and a Xenon lamp (300 W) as the visible light

source. The initial NO concentration was 500 ppb, the flow rate
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Figure 1: Schematic diagram of pyrolysis synthesis process for MgO@g-C3N4 heterojunctions.

was 1.5 L-min~!, and the dosage of catalysts was 0.2 g for all
experiments. Before each catalytic experiment, 0.2 g of the
sample was dispersed in 10 mL of DI water, evaporated at
80 °C, and placed in the dark to achieve adsorption—desorption
equilibrium. Finally, the sample was illuminated by a Xenon
lamp (300 W) for 30 min.

Trapping experiments were performed to evaluate the photocat-
alytic process mechanism for NO degradation. Three trapping
agents were used representing different active species, namely
isopropyl alcohol (IPA) for the hydroxyl radical (*OH), potas-
sium dichromate (K,Cr,O7) for electrons (e”), and potassium
iodide (KI) for holes (h™). The photocatalytic NO degradation
experiments were performed under the previously described
conditions.

The photocatalytic NO degradation efficiency (n), the yield of
NO; conversion (y), the apparent quantum efficiency (AQE, o),
and the DeNOx index (aDeNOX aDeNOx) were calculated by
using Equations 1-4: [41-43]:

_%No.i ~Cnovt 100%, "

Cno.i

Cro.. t —Cro..
Y — NOz, N02,1 100%’ (2)

Cno,i —Cno, £

t
NAI(CNo,i—CNo,f)Vt

3)
Papp = L -100%,
photon flux -irradiation area -7-1000 M
apenox =N(1-37)Cno, i» )

where Cng is the concentration of NO (ppb), Cnop is the con-

3L

centration of NO, (ppb), the index “1” represents the initial con-
centration, and the index “f” represents the final concentration.
Ny is the Avogadro constant (mol™!), V; is the flow rate of NO
(L-min~1), and M is the molecular weight of NO (g-molfl). The
photon flux in the photocatalytic experiment is
2.72-10'" em™2-min~", the irradiation area for the 12 cm diame-

ter petri dish is 113.1 cm?.

In addition, the bandgap energy of materials was calculated by
using the Tauc and the Kubelka—Munk equation as described in
Equations 5-7 [43]:

he
E=hv= T, (5)
(ahv) =B(hv—Eg), (6)
(F(R)Av) = B(hv-E,), )

where E is the photon energy (eV), & is Planck’s constant
(4.132-10715 eVs), v is the photon frequency (s7h, ¢ is the
velocity of light (nm-s~1), A is the wavelength (nm), « is the
absorption coefficient, B is a constant, and E; is the bandgap
energy (eV), R is the reflectance value.

Results and Discussion

Photocatalytic performance

The photocatalytic NO removal efficiency of the materials is
shown in Figure 2a. The efficiency gradually increased during
the first 5 min of the photocatalytic reaction and remains stable
until the end of the photocatalytic reaction. The photocatalytic
NO removal efficiency values are 0.6%, 62.8%, 16.8%, 68.4%,
75.4%, and 72.1% for the blank sample, g-C3Ny, MgO, 1%
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Figure 2: (a) Photocatalytic NO degradation efficiency, (b) apparent quantum efficiency of the materials, and (c) photocatalytic recycling test of 3%

MgO@g—CgN4.

MgO@g-C3Ny, 3% MgO@g-C3Ny, and 5% MgO@g-C3Ny, re-
spectively. The photocatalytic NO removal efficiency is in-
creased by combining MgO with g-C3Ny4. The results indicate
that MgO@g-C3Ny4 heterojunction structures have been suc-
cessfully synthesized with high photocatalytic NO degradation
efficiency under visible light by one-step pyrolysis (see Table 1
for a comparison of the photocatalytic NO removal efficiency
values). Also, the AQE has been calculated according to Equa-
tion 3. The AQE values (107%%) of g-C3Ny, MgO, 1%
MgO@g-C3Ny, 3% MgO@g-C3Ny, and 5% MgO@g-C3N, are
5.5,1.4,5.4,6.7, and 6.2, respectively. The AQE results show
(Figure 2b) that photons are most efficient in 3%
MgO@g-C3Ny. The heterojunction structure has enhanced the
photocatalytic activities of the materials [44]. In addition, the
photocatalytic reusability of 3% MgO@g-C3N4 was shown by a
five-cycle recycling test under identical experimental condi-
tions (Figure 2c). The photocatalytic NO degradation effi-
ciency in the recycling test is 75.4%, 73.8%, 71.1%, 69.4%, and
68.3% after five cycles, respectively. The photocatalytic NO

degradation efficiency decreased by 7% after five cycles. The
FTIR spectra and the XRD patterns of the 3% MgO@g-C3Ny4
before and after the recycling test are shown in Figure S1la and
Figure S1b of Supporting Information File 1, respectively. The
results indicate the high reusability of 3% MgO@g-C3Ny [45].

The conversion rates of NO to NO, and by-products have been
calculated (Figure 3a). The conversion rates of NO to NO; of
g-C3Ny, MgO, 1% MgO@g-C3Ny, 3% MgO@g-C3Ny, and 5%
MgO@g-C3Ny are 34.6%, 9.6%, 34.9%, 21.9%, and 25.8%, re-
spectively. Besides, the rates of converting NO to by-products
of g-C3Ny, MgO, 1% MgO@g-C3Ny, 3% MgO@g-C3Ny, and
5% MgO@g-C3Ny are 28.2%, 7.3%, 34.4%, 53.5%, and 46.3%,
respectively. In this study, the by-products are defined as any
nitrogen species (e.g., NpOs, NoO, and NO3™) except NO,,
which are unstable and can be absorbed by plants [46]. MgO
generates the lowest amount of NO, and by-products due to the
lowest photocatalytic NO removal efficiency (16.8%). 3%
MgO@g-C3Ny has the lowest NO; (21.9%) and highest
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Table 1: Comparison of photocatalytic NO removal of current photocatalyst systems under visible light.

Material Initial NO Light Irradiation time ~ Dosage  Flowrate NO NO> generation Ref.
concentration source (min) (9) (L'min~")  removal
(ppb) efficiency
(%)
BiOIOg/ xenon
0-CaNs 600 300 W 30 0.1 1.2 57 80 (ppb) [72]
tungsten
S_goﬁ/ 600 halogen 30 0.4 N/A 32 6% (73]
g-CsNa 150 W
TigCo@TiOy/ xenon-
o CaNs 430 300 W 30 N/A N/A 29 18.7 (ppb)  [74]
GO/ metal
1000 halide 30 N/A N/A 93.4 N/A [75]
Fe-doped g-C3Ng4 250 W
FAPbBrz/g-C3Ngy 600 xenon 60 0.1 1.2 58 3 (ppb) [76]
xenon-
g-C3N4/SnO5 500 300 W 30 0.2 0.6 35 2% [77]
) xenon- o
TiO>@g-C3Ny 500 300 W 30 0.2 0.5 90.2 5.3% [44]
. tungsten
9'%?“‘6@'3('3?0'/ 500 halogen 30 0.2 1 46.8 N/A 78]
12Y17V12 100 W
tungsten
MoS,/g-C3Ny 600 halogen 30 0.2 N/A 51.7 N/A [79]
150 W
a b
( )80 b [ By-products (%) ( )300 )
[INOtoNO,
200 4 =
3604 53.5 = g
g 46.3 g 1004 o
Q vt - S 47.4 >
540 344349 5 < ~ | 3
E 28 2 258 -g 0 I—
= : ; ; = 258
201 o 582 ¢
2 06 | z -100 &
0 | A 2004 1608
2 - 201.6 S
%’ %O@% O@%’ @%’ -300+
W I® @%0 Sample
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Figure 3: (a) NO conversion and (b) DeNOx index of the materials.

by-product (53.5%) generation. In addition, the NO, generation
of g-C3Ny4 is almost equal to that of 1% MgO@g-C3Ny. This
can be explained by the low amount of MgO (only 1%). 3%
MgO@g-C3Ny shows the highest photocatalytic NO removal
efficiency with the lowest NO; generation, which indicates a
possible future application of 3% MgO@g-C3N4. Also, the

DeNOx index values have been calculated according to Equa-

tion 4 [47]. The values of g-C3Ny4, MgO, 1% MgO@g-C3Ny,
3% MgO@g-C3Ny, and 5% MgO@g-C3Ny4 are —201.6%,
-58.2%, —160.8%, 47.4%, and —25.8%, respectively.

XRD and FTIR analyses

XRD patterns of the synthesized materials are shown in

Figure 4a. There are two distinct diffraction peaks at 20 = 13°
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Figure 4: (a) XRD patterns and (b) FTIR spectra of the materials.

and 27.4°, which were assigned to the (100) and (002) planes of
g-C3Ny, respectively [48]. Diffraction peaks of the pure MgO
sample are detected at 36.9°, 42.9°, 62.5°, 74.8°, and 78.7°,
which were attributed to the (111), (200), (220), (311), and
(222) planes, respectively [AMCS: 000501] [49,50]. All
MgO@g-C3Ny4 samples show the characteristic peaks of
g-C3Ny4. No impurities are detected in the MgO@g-C3N4 sam-
ples. There are no reflections of MgO in all MgO@g-C3Ny
samples, due to the low amount of MgO in the MgO@g-C3Ny4
samples. This agrees with previous studies, in which character-
istic peaks of MgO were only detected when MgO amounts
higher than 5% had been added [33,51].

Figure 4b shows the FTIR spectra of g-C3Ny4, MgO, and
MgO@g-C3Ny. For pure g-C3Ny, the broad peak in the range of
30003600 cm™! was attributed to the stretching vibrations of
N-H and O-H bonds, indicating the existence of amino groups
and adsorbed water molecules in the material [32,52]. The char-
acteristic peaks at 1240, 1320, 1407, and 1465 cm™! were asso-
ciated with the stretching vibrations of aromatic C-N bonds,
and the typical peaks at 1562 and 1642 cm™! characterize the
presence of C=0 bonds [53,54]. In addition, the characteristic
peak at 810 cm™! matches with the typical breathing mode of
triazine. After adding MgO, the distinct peaks of all
MgO@g-C3Ny heterojunctions are similar to that of pure
g-C3Ny, indicating that the crystal structure of g-C3N, remains
unchanged. In addition, the small peak at 419 cm™! proves the
presence of MgO in MgO@g-C3Ny [55].

SEM and TEM analyses
The morphology of g-C3Ny4, MgO, and 3%MgO@g-C3Ny has
been determined through SEM and TEM analyses. The typical

bulk structure of g-C3Ny is shown in Figure 5e,f. The differ-
ence between the morphologies of MgO and g-C3Ny is difficult
to observe by SEM (Figure 5c,d). Figure 5a and Figure 5b show
that the morphology of 3%MgO@ g-C3Ny is similar to that of
pure g-C3Ny. The results indicate that the morphology of 3%
MgO@g-C3Ny is identical to that of g-C3N,4 because the added
amount of MgO is very low, as determined by EDS mapping.
The EDS mapping images of 3% MgO@g-C3N,4 are shown in
Figure 6 and Figure S2 (Supporting Information File 1). The
weight percentages of C, N, Mg, and O are 37, 52, 9, and
2 wt %, respectively. The weight fractions of Mg and O are the
lowest, indicating that the amount of MgO in the
MgO@g-C3Ny sample is too low. The shape of g-C3Ny is easy
to observe in Figure 7c,d. However, the shape of MgO is
complicated to determine by TEM and HR-TEM (Figure 7a,b).
These results prove the presence of MgO in the compound.

Chemical state analysis

XPS and HR-XPS have been employed to determine the chemi-
cal states of the materials. XPS survey scans of g-CsN4 MgO
and 3% MgO@ g-C3Ny4 are shown in Figure 8a. The peaks at
87 and 530 eV were assigned to the Mg 2s and O 1s levels of
MgO, respectively. The peaks at 287 and 397 eV were assigned
to the C 1s and N 1s levels of g-C3Ny, respectively [12,56,57].
In the MgO sample, the peaks of Mg 2p, Mg KLL, O loss, and
O KLL levels are observed at 46, 304, 555, and 978 eV, respec-
tively [58,59]. The HR-XPS of the C 1s level are shown in
Figure 8b. The peak at 283 eV was assigned to the C—C coordi-
nation in MgO, and the peak at 287 eV was assigned to N-C=N
bonds of g-C3Ny. The latter peak only appears in g-C3N,4 and
3% MgO@g-C3N,4. However, the former peak of MgO and
g-C3Ny occurs only in 3% MgO@g-C3Ny. The C 1s peaks of
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Figure 5: SEM images of (a, b) 3%MgO@g-C3Ny, (c, d) MgO, and (e, f) g-C3Ng.

the materials do not change during the pyrolysis. The HR-XPS
of the N 1s level of the materials is shown in Figure 8c. The
peaks at 397 and 399 eV correspond to the C—-N=C bonds and
the N—(C)3 structures of g-C3Ny, respectively [60]. Figure 8d
shows the peak of Mg—O bonds in MgO at 398 eV [61]. The
Mg 2s peaks of MgO are shown in Figure 8e and Figure 8f. The
peaks at 87 eV (Figure 8e) and 88 eV (Figure 8f) confirm the
metallic state of Mg [62]. The peaks of the O 1s and Mg 2s
levels in 3% MgO@g-C3N4 are too weak.

Optical properties

DRS spectra have been measured to understand the optical
absorption characteristics of the materials (Figure 9). The
g-C3N,4 sample significantly absorbs light at a peak around 440
nm, corresponding to the direct and the indirect bandgap of 2.83

and 2.68 eV, respectively (Figure 9b,d). MgO with a wide
bandgap shows absorption below 400 nm in both
Kubelka—Munk and Tauc plots (Figure 9a,c). After adding MgO
to g-C3Ny, the absorption of the MgO@ g-C3N4 samples
slightly shifts to the visible light region. The optical direct and
indirect bandgap energy is slightly reduced, corresponding to
the increase in MgO fraction. The indirect bandgap energies of
1% MgO@g-C3Ny, 3% MgO@g-C3Ny, and 5% MgO@g-C3Ny
are 2.79, 2.73, and 2.69 eV, respectively. The trend of the direct
bandgap is the same. The bandgap of the materials reduces with
increasing amounts of added MgO. The bandgap reduction can
be attributed to Mg—N bonds in the MgO@g-C3N4 materials,
which promote charge transport, thus, increasing the photocata-
lytic efficiency [33,51]. Generally, smaller bandgaps lead to
better light absorption, indicating the high photocatalytic activi-
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Figure 6: (a) Elemental composition and (b—e) EDS mappings of 3% MgO@g-C3Ng.

Figure 7: TEM and HR-TEM images of (a, b) MgO@g-C3N4 and (c, d)
g-C3Ng.

ty of MgO@g-C3Ny4 under visible light and also the existence of
MgO in the MgO@g-C3N4 heterojunction materials. However,
with a smaller bandgap, the recombination of e —h* pairs will
be faster, which decreases the photocatalytic activity of the ma-
terials [63]. As shown in Figure 9a and Figure 9c, the materials
mostly absorb in the UV range (200—400 nm), with a sudden
decrease in the visible range. The absorbance of 3%
MgO@g-C3N, is more substantial than the absorbance of 1%
MgO@g-C3Ny and 5% MgO@g-C3N4 in the UV and visible
ranges. These results indicate that the higher photocatalytic NO
removal efficiency of the 3% MgO@g-C3Ny strongly depends
on the optical properties.

Photoluminescence

Fluorescence spectra of MgO and 3% MgO@g-C3Ny are shown
in Figure 10a and Figure 10b, respectively. MgO shows strong
fluorescence at 270 nm with an excitation wavelength (270 nm)
in the UV range. MgO also shows another emission wave-
length at 380 nm with an excitation wavelength (770 nm) in the
visible range, which could be caused by the native structural
defects in MgO [18]. 3% MgO@g-C3Ny shows intense fluores-
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cence at 420 nm via excitation at 850 nm, due to the recombina-
tion of charge carriers. The photogenerated electrons from the
valance band (VB) of g-C3Ny4 migrate to the conduction band
(CB). The excited electrons in the CB of g-C3N,4 can then return
to energy bands between the CB and VB of g-C3Ny4 to produce
an emission with an energy of about 1.5 eV. The energy band in
g-C3Ny can be attributed to transitions between C atoms and N
atoms [64-66]. Also, Liang and co-workers reported that the
recombination of the e —h* pairs could be inhibited by doping
MgO into g-C3N4 [32]. When MgO is added, the defect concen-

tration increases and Mg and O vacancies are generated in
MgO@g-C3Ny. These defects work as the electron traps, which
enhance the capacity to separate photogenerated e™—h pairs in
MgO@g-C3Ny. The photogenerated e —h™ pairs in the defects
also contribute to the photocatalytic reaction [67,68].

Photocatalytic mechanism

Trapping experiments were carried out to evaluate the involve-
ment of electrons, holes, and reactive oxygen species. The used
trapping agents were KI (h*), K,Cr,O7 (¢7), and IPA («OH).
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Figure 11a shows the reduction in efficiency when different
scavengers are present. The photocatalytic NO degradation effi-
ciency decreases significantly from 75.4% to 36.4% in the pres-
ence of KI. K,Cr,07 as electron scavenger also reduces the NO
decomposition by about 1.3 times. The weak contribution of
*OH radicals in the NO degradation is clearly shown, with a
reduction in efficiency by only about 1%. Hence, electrons and
holes are the main contributors to the photocatalytic NO degra-
dation.

Also, ESR was used to determine accurately the reaction mech-
anism of the material. Figure 11b shows that under visible light
and using DMPO-H,0 and DMPO-OH, the material generates
*OH and *O; radicals. In contrast, only *OH radicals are gener-
ated in the dark, but to a very low extent. Hence, the generation
of *O, radicals contributes significantly to the photocatalytic
NO degradation efficiency.

A photocatalysis mechanism of MgO@g-C3Ny is proposed
taking into account the results of the DRS and ESR analyses
and trapping tests. Because of the large bandgap of MgO, only

g-C3Ny generates e —h* pairs under visible light (Equation 8).
The holes can degrade NO directly by oxidizing NO into NO,
(Equations 9 and 10) [47,69]. Simultaneously, at the CB of
g-C3Ny, electrons are excited and react with O, to produce *O;~
radicals. In addition, these electrons also migrate across the CB
of MgO, creating excess electrons in MgO and avoiding the
recombination at g-C3Ny. Then, the photogenerated electrons
react with O, to produce *O,™ radicals (Equation 11). These
*O," radicals decompose NO to NO3 and prevent the formation
of NO, (Equation 12). Also, *O,™ reacts with H,O to produce
*HO; radicals and OH™ (Equation 13). Then, the *HO, decom-
poses NO to form NO, and *OH (Equation 14). Also, *HO, also
reacts with HyO and electrons to produce HyO, (Equation 15).
Finally, H,O, generates two *OH radicals to decompose NO
(Equations 16-19) [70,71].

h*ypy +NO+H,0 - HNO, +H", ©)
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ated electrons based on the heterojunction structure were ob-
tained by combining MgO and g-C3Ny. Moreover, the conver-
sion rates of NO to NO;, and by-products of the 3%
MgO@g-C3N,4 were the lowest (21.9%) and the highest
(53.5%), respectively. Also, 3% MgO@ g-C3N4 showed high
reusability after a five-cycle recycling test, when the photocata-
lytic NO removal efficiency decreased only by 7.1%. The
results indicated that 3% MgO@g-C3N4 could be applied in the
future as an excellent photocatalyst with high removal effi-
ciency and low generation of toxic products. FTIR, XPS, and
EDS measurements were carried out to confirm the presence of
MgO in the MgO@g-C3N4 heterojunctions. Although MgO was
difficult to determine in the MgO@g-C3Ny4 heterojunctions, the
addition of MgO affected the optical properties of the
MgO@g-C3Ny heterojunctions. The DRS result showed that the
bandgap of the MgO@g-C3N4 heterojunctions decreased by
adding larger amounts of MgO. The light absorption of 3%
MgO@g-C3N4 was higher than that of 1% MgO@g-C3;N,4 and
5% MgO@g-C3Ny in the visible and UV range, which in-
creased the photocatalytic performance under visible light irra-
diation. The PL results confirmed the presence of vacancies in
the MgO@g-C3Ny heterojunctions. MgO@g-C3Ny is promis-
ing for large-scale fabrication via this simple and fast method.
This study provides a new way to synthesize a MgO@g-C3Ny
heterojunction materials and an understanding of the photocata-
lytic mechanism of the MgO@g-C3N4 heterojunction applied in
the removal of NO.
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Abstract

One of the most enticing approaches to environmental restoration and energy conversion is photocatalysis powered by solar light.
Traditional photocatalysts have limited practical uses due to inadequate light absorption, charge separation, and unknown reaction
mechanisms. Discovering new visible-light photocatalysts and investigating their modification is crucial in photocatalysis. Bi-based
photocatalytic nanomaterials have gotten much interest as they exhibit distinctive geometric shapes, flexible electronic structures,
and good photocatalytic performance under visible light. They can be employed as stand-alone photocatalysts for pollution control
and energy production, but they do not have optimum efficacy. As a result, their photocatalytic effectiveness has been significantly
improved in the recent decades. Numerous newly created concepts and methodologies have brought significant progress in defining
the fundamental features of photocatalysts, upgrading the photocatalytic ability, and understanding essential reactions of the photo-
catalytic process. This paper provides insights into the characteristics of Bi-based photocatalysts, making them a promising future
nanomaterial for environmental remediation. The current review discusses the fabrication techniques and enhancement in Bi-based
semiconductor photocatalysts. Various environmental applications, such as H, generation and elimination of water pollutants, are
also discussed in terms of semiconductor photocatalysis. Future developments will be guided by the uses, issues, and possibilities of
Bi-based photocatalysts.
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Introduction

Nanomaterials photocatalysis is a “green” integrative technique
that combines physics, chemistry, and materials science with
chemical engineering to catalyze chemical processes and trans-
form constantly recoverable solar energy into productive chemi-
cal energy [1]. Various semiconductor nanoparticles have been
used as effective photocatalysts in essential photocatalytic ap-
plications such as wastewater treatment, water dissociation, and
energy conversion/storage due to their reactivity, surface area,
and advantageous features compared to their bulk counterparts
[2-4]. In recent years, many efforts have increased the photocat-
alytic performance. However, the relative photocatalytic perfor-
mance is still deficient, and it does not fulfil the criteria for the
practical implementation of photocatalysis techniques. Among
many approaches, attention has been paid to altering and modi-
fying the properties of photocatalytic materials [5,6]. Environ-
mental treatment and energy conversion using photocatalytic
technology have shown to be cost-effective and environmental-
ly beneficial alternatives [7]. The choice of the photocatalysts is
one of the most important steps in attaining high performance in
photocatalysis. Semiconductors with bandgaps greater than
3 eV are called wide-bandgap photocatalysts. These semicon-
ductors include oxides (e.g., TiO,, Bi;O3, Bi;WOg, and
SrTiO3), sulfates (e.g., MoS; and Bi,S3), selenides (e.g., MoSe;
and CdSe), and phosphates (e.g., AgzPOy) [8-15].

The bandgap of photocatalysts sensitive to visible light is
smaller than 3 eV. Wide-bandgap photocatalysts can only be
stimulated by ultraviolet light, which makes up less than 5% of
the absorbed solar radiation. Hence, developing photocatalysts
that react to visible light is essential for photocatalysis since
43% of the total energy from the sun belongs to the visible
spectrum [1,16]. Bi-based nanomaterials are photocatalysts that
respond to visible light and have adequate bandgaps and perfor-
mance. Bi,MOg (M = Mo, W), (BiO),CO3, Bi;S3, BiOX
(X =1, Br, Cl), BiPOy4, BiVQy, Bi;03, and other Bi-based nano-
materials have been designed and examined for photocatalysis.
The vast majority of these compounds have a layered structure,
which causes an internal electric field (IEF) between the layers.
This electric field allows photogenerated charge carriers to be
separated and moved effectively [17-21].

A range of visible-light-active Bi-based photocatalysts has
lately raised curiosity among semiconductor photocatalysts.
Bi3* has a higher stability than Bi>*. The earlier compounds
have been examined more thoroughly than the latter. The
overlap of O 2p and Bi 6s orbitals in the valence band (VB) of
Bi3*-containing compounds improves photogenerated charge
mobility and, hence, improves photocatalytic activity [22,23].
Furthermore, except for BiOF, BiOCl, and (BiO),CO3, most
Bi-based compounds have bandgaps that may be stimulated by
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visible light. As a result, much interest in environmental
cleanup and energy conversion research has been sparked by Bi
compounds [24]. Because of their advanced photocatalytic
process, more and more publications on synthesizing and
applying a semiconductor photocatalyst have been published in
recent years. A survey on bismuth-based nanocomposites with
the search keywords "Bismuth-based nanoparticles for environ-
mental remediation" from 2011 to 2021 yields roughly 15,995
articles. This data illustrates the interest of the scientific
community in environmental cleanup using bismuth-based
nanoparticles (Figure 1). In recent years, an abundance of
Bi-based photocatalysts has been reported.

The most commonly used Bi-based photocatalysts include
metallic Bi, Bi-based binary oxides, Bi-based oxyhalides,
Bi-based multicomponent oxides, and binary Bi sulfides.
Bismuth oxyhalides are indirect bandgap semiconductors in
which photogenerated electrons and holes rarely recombine.
BiOX is an excellent photocatalyst, and it is widely applied due
to its small bandgap and high electron density, which are easily
adjustable by changing the type of halogen used. The activation
of otherwise inert CO;, and H,O molecules is greatly aided by
the ease with which photoinduced oxygen vacancies (OVs) are
produced on the surface [25]. The excellent photocatalytic per-
formance can be attributed to the layered crystal structures and
small bandgap energies. Many persistent organic contaminants
can be degraded at room temperature through the oxidizing
power of VB holes in bismuth oxyhalides [26]. BiOCl, BOI,
BiOBr, and composites made from them have been widely re-
ported due to their excellent photocatalytic properties [27-29].
However, the photocatalytic effectiveness of those semiconduc-
tors is inadequate for practical environmental and energy
conservation applications because of substantial electron—hole
recombination and a low capacity for the absorption of visible
light. Numerous attempts have been made, with an emphasis on
doping, the creation of heterojunctions, crystal plane manage-
ment, and defect development, to enhance the photocatalytic
efficacy of pristine Bi-based photocatalysts [1,30]. The photo-
catalytic processes of Bi-based photocatalytic applications have
received little attention in environmental remediation and
energy conversion. The rapidity with which this vital subject is
advancing necessitates a thorough examination of recent break-
throughs regarding Bi-based photocatalysts. Consequently, in
this work, Bi-based semiconductor photocatalysts and their
manufacturing methods are discussed to make use of these
photocatalysts in eco-friendly applications on a large scale.
Bi-based nanomaterials as semiconductor photocatalysts are one
of the study’s primary goals, as is the use of Bi-based nanoma-
terials for wastewater treatment, hydrogen generation, and pho-

tocatalytic degradation. Fabrication methods, reliability analo-
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Figure 1: Reported publications from 2011 to 2021 were searched on 6th June 2022 using the keyword “Bismuth-based nanoparticles for environ-
mental remediation”. Data was extracted from Web of Science, Clarivate Analytics.

gies, and future challenges of photocatalysts derived from
bismuth-based nanomaterials are also discussed. There are
many review reports on synthesis and enhancement techniques
of Bi-based photocatalysts and the application of these photo-
catalysts in hydrogen generation, CO, reduction, and water
purification [31-35]. However, the present report focuses on
understanding the role of different Bi-based photocatalysts con-
cerning their synthesis method and enhancement. The mecha-
nism of photocatalysts for different applications has been de-
scribed for the type or nature of the photocatalyst. Hopefully,
this work will help researchers understand how Bi-based nano-
material photocatalysts may be employed in different environ-
mental remediation systems by understanding the properties of

Bi-based nanomaterials photocatalysts.

Review

Photocatalysis

Photocatalysis and its challenges

Photocatalysis can transform solar energy into storable chemi-
cal energy. Because of its minimal energy intake and carbon
footprint, it is eco-friendly and promising. Two examples are
the conversion of CO; to hydrocarbons and water splitting to
H, and O [36,37]. Also, it is essential in domains including
pollution degradation, antibiotic treatment, and sterilization

[38]. The term “advanced oxidation processes” has become

more common recently. In this process, many oxidizing agents
(-OH) are created. Electron—hole pairs are formed in AOPs
when the VB electrons of semiconductor photocatalysts are
driven into the conduction band (CB) through visible light [39].
The holes in the valence band of the catalyst split water to
hydroxyl radicals ("OH). Electrons in the CB of a semiconduc-
tor photocatalyst can generate the superoxide anion (*O;,") when
they interact with oxygen molecules. During the photocatalytic
oxidative degradation, the most notable oxidizing species are
*OH, photogenerated holes, and *O,". These species are respon-
sible for the photodegradation of organic and inorganic contam-
inants in wastewater [40]. To date, it is widely understood that
the main limitation of photocatalysts is their low photocatalytic
efficiency. The reason is that photogenerated electrons and
holes recombine quickly [41]. We use an analogy for a more
straightforward comprehension of the recombination timeframe.
The force of gravity ensures that any item thrown into the air
will return to the Earth below within a few seconds. After being
exposed to light, electrons in a single photocatalyst undergo a
transition akin to an item thrown into the air. This transition
takes place from the VB to the CB [42]. After that, the very
powerful Columbic force among photogenerated electrons and
holes pulls them together, enabling recombination within a few
picoseconds to nanoseconds in bulk or on the photocatalyst sur-
face. It is possible to have a better understanding of the
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timescale by contrasting the calculation of the gravitational
force with the computation of the Coulomb force. Because the
gravitational constant (6.67 x 107! N-m2-kg™2) is significantly
smaller than the Coulomb constant (8.99 x 10° N~m2-C_2), the
recombination of the photogenerated electron and hole pairs
takes significantly less time than the fall of the object. Within a
single photocatalyst, photogenerated electrons and holes cannot
withstand the tremendous force, which results in rapid recombi-
nation [43]. In addition to a low rate of recombination, other
essential qualities of a superior photocatalyst include broad
sunlight absorption and enough redox capacity. A small
bandgap is desirable regarding a broad light absorption band.
However, when redox ability is considered, the catalyst should
have a high CB position and a low VB position, resulting in a
large bandgap. These two prerequisites are not compatible. As a
direct consequence of this, heterojunctions are produced. To
create heterojunction photocatalysts, two semiconductor photo-
catalysts are combined [44,45]. Consequently, researchers focus
their attention mainly on heterojunction photocatalysts.

Promising Bi-based nanomaterials

The overwhelming number of Bi-based semiconductors utilized
in photocatalysis also have a distinctive layered structure and a
bandgap of less than 3.0 eV. The connections between the
layers are just van der Waals forces, which are weak [46]. Metal
oxides such as TiO; only have the O 2p orbital in their VB. In
contrast , Bi-based oxide materials have an electronic structure
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in which O 2p and Bi 6s orbitals are paired in the VB. The
bandgap of the semiconductor may be reduced to 3.0 eV thanks
to the significant charge carrier dispersion provided by hybrid
orbitals involving the Bi 6s orbital, as seen in Figure 2. Photoin-
duced electron—hole separation and charge carrier transfer in
Bi-based materials are facilitated by a unique layered structure
that creates an IEF. A magnetic field is generated between
layers of Bi-based materials [47]. Many researchers have
revealed that Bi-based nanomaterials have an adequate photo-
catalytic capacity for pollution remediation, water splitting, and
the elimination of volatile organic compounds. Bi-based photo-
catalysts have substantial oxidative capabilities, as illustrated in
Figure 2, since their VB potential is much higher than the oxi-
dation potential of H,O, that is, 0.82 V vs NHE. Unfortunately,
due to inadequate CB potential energy, most reduction pro-
cesses, such as CO, reduction, N, fixation, and H, creation,
cannot be catalyzed with Bi-based nanomaterials. However, a
few Bi-based semiconductor photocatalysts, such as Bi,S3, have
a more substantial negative CB potential, making reduction
reactions possible [34,48,49]. However, in real applications, the
usefulness of BiyS3 is limited because of the quick recombina-
tion of electrons and holes. New research has shown that it is
possible to generate H, or reduce CO, by carefully controlling
the production procedure of ultrathin photocatalysts based on
Bi. Compared to Bi,WOg formed using a solid-state reaction,
single-unit-cell layers of Bi,WOg, synthesized using a hydro-

thermal process, offered three times greater CO, adsorption and
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Figure 2: Bi-based photocatalysts exhibit substantial oxidative capabilities for various redox processes.
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enhanced light absorption. The enhanced properties were re-
flected in the photocatalytic activity, resulting in a rate of meth-
anol synthesis of 75 mol-g~!-h™!, which was much greater than
the rate produced by the unaltered Bi,WOg. As a result of the
decrease in dimensionality, it was projected that there would be
a significant confinement effect and enlarged bandgap energy.
Additionally, an upshift of the CB and a downshift of the VB
were also measured [48,50]. The preparation process can be
used to modify the electrical structure of Bi-based semiconduc-
tors. Most Bi-based semiconductors, especially oxide semicon-
ductors such as BiyO3, BiVOy, and Bi;WOg, have n-type prop-
erties with electrons as the majority carrier. Recent research
suggests that the synthesis route can shift the conductivity types
of Bi-based materials [45,51].

Fabrication routes

Synthesis approaches affect the topological size and size distri-
bution of semiconductor photocatalysts, substantially influ-
encing adsorption characteristics and photocatalytic efficacy.
As well as affecting the environment, synthesis size, and cost,
the fabrication method also affects manufacturing safety consid-
erations [52]. Bi-based photocatalysts may currently be synthe-
sized using various methods, the most common of which are
hydrothermal synthesis, solid-state reaction, and design and op-
timization.

Today, NaBiO3-2H,0, Bi;O3, Bi(NOj3)3-5H,0, BiCls, and Bi
are the most common Bi-based semiconductor photocatalysts.
The hydrothermal process is one of the most frequent and
widely utilized synthesis methods. Morphology, facets, size,
surface flaws, and dimensionality of Bi-based photocatalysts are
all susceptible to change when the synthesis conditions are
altered. Generally, the hydrothermal technique yield a higher
quality, and the nanoparticles that result from this process are
more suited for specific applications than photocatalysts manu-
factured using dry methods [53]. However, the hydrothermal
approach has a noticeable limitation in output yield. The usage
of specific autoclaves has resulted in a long manufacturing time
and the batch nature of production. For the hydrothermal tech-
nique, there is a danger of nanoparticle leakage, primarily in
water, and the risk of toxic solvent emissions. Su et al. [54] re-
ported the first hydrothermal fabrication of BisO7Br. BisO7Br
rods of 50 um length and 2 pm width were obtained. They
found that BisO5Br effectively converts molecular oxygen to
superoxide radicals and hydroxyl radicals in visible light. Under
UV-vis irradiation, BisO7Br showed a higher photocatalytic ac-
tivity in the degradation of rhodamine B (RhB) dye than BiOBr.
The addition of BisOBr photocatalysis to the Bi-O—X photo-
catalytic system improved the system. In this work, they found
that the RhB elimination percentage over BisO7Br is 85% after

120 min of UV-visible-light irradiation, and the reaction rate
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constant was measured as 1.496 h™!-m~2. In contrast, the
reaction rate constant for BiOBr was found to be only
0.154 h™!m~2. Additionally, the hydrothermally fabricated
BisO7Br has also excellent stability when exposed to light in
aqueous environments. The photocatalytic performance was not
much decreased after eight cycles. Recently, Lin et al. fabri-
cated a monoclinic BiVO, photocatalyst via a surfactant-free
hydrothermal technique [55]. According to the results, the pH
value has a significant impact on shape, surface area, particle
size, and V-0 bond length. The grain size was reduced when
the pH value was raised, and the crystal structure became more
closely stacked. Under visible-light irradiation, the RhB photo-
degradation efficiency of the coralloid particles produced at pH
7 was about four times greater than that of the sample synthe-
sized at pH 0.5. The increased photocatalytic activity was
caused by several factors, such as a synergistic effect of highly
exposed (010) grain facets, an increase in the overlap between
Bi 6s and O 2p orbitals, a reduced charge transfer route, and
strange floating features. In another approach, Huang et al. re-
ported a one-step hydrothermal synthesis of a BilO4/Bi;MoOg
hybrid photocatalyst for photodegradation of RhB dye [56].
Under visible-light irradiation (A > 420 nm), photoelectrochem-
ical studies demonstrated that the RhB photodegradation effec-
tiveness and photocurrent density of the BilO4/Bio,MoOg hybrid
composite is much higher than that of the pure components.
Because of the successful construction of the BilO4/Bi,MoOg
hybrid, the photocatalytic activity was found to be significantly
increased. This improvement was ascribed to the efficient inter-
facial charge transfer obtained as a consequence of the process.
According to the active species trapping study, the photocataly-
sis process is significantly aided by the presence of photogener-
ated holes.

It has been shown that the hydrothermal method of fabricating
Bi-based semiconductor photocatalysts offers some significant
benefits. Nanostructured materials have several advantages, in-
cluding a more adaptable area for more detailed reconstruction,
confinement effects, superior mechanical stability, and large
surface area, which make them excellent for photocatalysis. The
progress of synthesis processes allows one to change the physi-
cal properties as needed.

In order to create economically viable Bi-based photocatalysts,
substantial amounts of water are required. Solid-state reaction
methods that do not require water are suitable for large-scale
synthesis. However, in solid-state reaction methods, there is the
risk of a release of nanoparticles into the air; as a result, they are
not entirely eco-friendly [57]. He et al. reported the fabrication
of a BiyNbOgBr photocatalyst via solid-state synthesis [58].
They found that the temperature used during calcination plays a

vital role. A higher calcination temperature results in a more
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crystalline morphology with more active sites for photocatalyt-
ic activity. The fabricated specimens were utilized for the pho-
todegradation of RhB under visible light. The sample calci-
nated at 750 °C revealed the highest photocatalytic perfor-
mance. Hamza et al. fabricated Biy(CrO4)3 nanoparticles via a
facile precipitation technique [59]. The photocatalytic activity
of the Biy(CrOy4)3 nanoparticles was studied under UV, AM 1.5,
and visible-light irradiation, and acceptable rates of 522.44,
174.15, and 88.24 umol-g~!-h~!, respectively, were reached
under these conditions. These rates outperform those of other
similar Bi-based semiconductor photocatalysts reported in the
literature.

To synthesize Bi-based photocatalysts with high anisotropy,
hollow structures, or crystalline multidimensional forms, the
template technique is one of several synthesis approaches.
Direct manufacturing processes make this almost impossible.
Therefore, using templates is a great workaround [60]. Tem-
plate methods may be characterized either as a “hard

LEINTS

templates”, “soft templates”, or “self-templates”. The high cost
of template methods results from the lengthy process of creating
and removing templates. Also, environmental aspects need to be
considered as removing templates such as SiO, requires using
very corrosive acids or bases [61]. Numerous studies have
focused on choosing templates for making nanostructures of
functional materials. However, templates were chosen rather
based on utility than on cost. The self-template technology does
not require additional templates, which leads to less expensive
production and increased efficiency. This makes the approach
more realistic for practical applications [62]. A very good
micro-/nanoscale hierarchical Bi;Ogl3/NTC photocatalyst was
created in a one-step, easy, and environmentally friendly way
by Hou et al., who used an in situ ion exchange-recrystalliza-
tion approach [63]. The used buffer provided a relatively stable
environment for producing regular structures. The aqueous NHj3
solution provided OH™ ions for the successful exchange of I,
and the result was the synthesis of Bi;Og9l3. The Bi;O9l3/NTC
has evenly distributed Bi7Ogl3 nanostructures in the shape of
lanterns formed of extremely thin nanosheets with a thickness
of less than 10 nm on both the surface and the inside. When
exposed to visible light, Bi;Ogl3/NTC displayed higher photo-
catalytic activity owing to the synergistic effect of the micro-/
nanoscale hierarchical structure, low iodine content, and well-
contacted interface. 93.5% methyl orange (MO) and 96.6%
RhB were eliminated from solution during in two hours,
suggesting a greater photocatalytic effectiveness than that of
pure BiOI. To deposit metallic Bi on Bi;WOg nanosheets, an in
situ reduction approach using NaBH, as the reducing agent was
used [64]. Compared to pure BioWOyg, Bi-coated Bi,WOgq
absorbs more visible light, is more sensitive to photocurrent,

and has a lower electrochemical impedance rate. This is because
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of surface plasmon resonances (SPRs) and the electron trans-
port capabilities of Bi. The photocatalytic activity for the break-
down of phenol was significantly improved, compared to pris-
tine Bi,WOg under visible light. Xiao and colleagues have
shown a straightforward synthesis approach for fabricating
Bi,WOg nanosheet rods [65]. They discovered that the hydroly-
sis of the precursor Bi(NO3)3 may quickly result in the forma-
tion of BigO5(OH)3(NO3)s-:3H,0 nanorods, which then acted as
templates for the generation of Bi;WQg. It has been observed
that the newly generated Bi,WQOg has a greater BET surface
area and superior charge transfer kinetics. These properties
point to an increase in photocatalytic activity. Other Bi-based
hollow hierarchical structures, such as BiVOy, have the poten-
tial to be synthesized and used as CO, reduction photocatalysts.
This possibility exists since these structures are hollow. It is an-
ticipated that hierarchical Bi-based photocatalysts produced
would have a broad range of applications in environmental
science and energy research.

Different preparation methods have been employed for the syn-
thesis of Bi-based photocatalysts. Each method has unique
advantages and disadvantages, which are compared and
contrasted in Table 1. New strategies are still required to create
suitable nanomaterials by overcoming faults and enhancing the
synthesis process. The hydrothermal approach is the one that is
most often used to produce nanomaterials. This is because it is
easy to implement and allows for a complete control over the

shape and size of the nanoparticles.

Enhancement techniques

The characteristics of a semiconductor photocatalyst alter as its
size is reduced to the nanoscale. Increasing the proportion of
atoms or ions exposed on the photocatalyst surface will increase
the number of photocatalytically active sites [75]. Under light
irradiation, the average amount of time it takes for a photogen-
erated carrier to diffuse from the bulk to the surface may be
calculated as follows: T = r2/7r2D, where r is the grain radius and
D is the carrier’s diffusion coefficient. Consequently, as the par-
ticle radius decreases, a higher number of photogenerated
carriers can reach the surface, where they might participate in a
photocatalytic process [76]. Bismuth is often used as a nano-
scale plasmonic photocatalyst. Nanospheres, nanorods, and
nanosheets can be synthesized using various techniques. Hydro-
thermal calcination, template synthesis, precipitation, reverse
micro-emulsion, sonochemical procedures, and microwave
methods are typical techniques for fabricating Bi-based nano-
structures [77]. Recombination of charge carriers and insuffi-
cient photon absorption are the two most common problems
related to semiconductor photocatalysts. Also, it is necessary to
have a wide bandgap to yield an adequate redox ability. Howev-

er, a moderate bandgap is required to perform photocatalysis
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Table 1: Various fabrication techniques, their advantages, and limitations.

No.  Technique

1 solid-state technique
2 chemical precipitation
3 sol—gel technique

4 hydrolysis

5 hydrothermal

6 drop casting method
7 dip/spin-coating

8 spray pyrolysis

9 hydrothermal coating

10 chemical vapor deposition

Advantages
high crystallinity, easy operation

convenient synthesis, low cost, and low
energy consumption

controllable morphology, nanoparticles,
tiny and fine particles

different particles size, easy synthesis
conditions, and simple equipment

simple operation, high crystallinity, a
variety of morphologies, and particle size
control

convenient precipitation, easy operation

simple operation, thickness control,
homogenous film
quick and easy operation, cost-effective,

scalable technique, controlled thickness,
complex composites production

easy synthesis, good conductivity, long
durability, and controllable morphology

regular thickness, minimal porosity,
diverse materials, and a high degree of
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crystallinity

11 anodization technique
and morphological control

12 electrodeposition technique thickness control, homogenous film

using visible light. This gap is essential for improving the mate-
rial’s light-harvesting capabilities [78,79]. Consequently, in an
attempt to improve the photocatalytic efficiency for water
purification and other environmental applications, a variety of
techniques, such as defect formation, metal/non-metal doping,
heterostructure formation, interface modification, and

Bi-content enhancement, have been employed.

Defect formation

Vacancies and defects affect the electrical properties of
Bi-based semiconductor photocatalysts and, hence, govern the
photocatalytic efficacy. Rao et al. reported an Nj-assisted heat
treatment approach for the in situ synthesis of a series of
oxygen-vacancy (OV)-rich Bi%Bi-based photocatalysts [80]. A
new understanding of how Bi® nanoparticles and OVs are
created in situ in Bi-based photocatalysts has been reported.
Compared to other Bi-based photocatalysts, Bi%/
OV-(Bi0),CO3 showed high photocatalytic performance and
stability for the photooxidative elimination of NO. The ohmic
interaction between OV—(Bi0),CO3 and Bi® has been shown to
promote the synthesis of *O,~ and “OH species. It was found
that "0, had a significant impact on the photocatalytic elimina-
tion of NO.

large-scale synthesis, large surface area,

Limits Ref.
phase transition, high temperature, big [66]
grain particle, tiny surface area

aggregation of particles, limited surface [67]
area, development of impurities,

uncontrolled morphology

organic residues, high costs, and [68]
treatment procedure

uncontrollable morphology, [69]
solvent-dependent, poor dispersion

high pressure, different reaction [70]
parameter

time-consuming, unpredictable thickness  [71]
and homogeneity, and poor adhesion
inadequate attachment, specialized [72]
equipment

high temperature, high cost, unwanted [66]
precipitates production, and high

resistance

high pressure, poor yield, complex [68]
parameters, and poor dispersion

extreme temperatures and specialized [66]
equipment

applied bias, complex synthesis [73]
parameters

specific equipment, imposed bias, and [74]

treatment procedure

In another approach, Huang et al. reported that BiOI micro-
spheres served as self-sacrificing templates for in situ phase
transformation and formation of phase junctions [81]. Different
bismuth oxyiodides were formed as a result of this. Hierar-
chical BiOlI, BiyOsl,, BigO51,-BisO7I phase-junction, and
Bi5O7I may be synthesized from bismuth oxyiodides at differ-
ent temperatures (Figure 3a). The photoabsorption wavelength
of these bismuth oxyiodides has been tuned between 400 and
700 nm. Also, these compounds have a distinctive microstruc-
ture and a controllable band structure. (Figure 3b). The break-
down of antibiotics and pollutants such as tetracycline hydro-
chloride, bisphenol A (BPA), and RhB was used to measure the
photocatalytic activity of the bismuth oxyiodides. The activity
decreased in the sequence BiyO51,—BisO4I > Bi4Osl, > BiOl,
which is linked to charge separation efficiency and band struc-
ture. Engineered Bi vacancies in monolayered Bi;WOg¢ nano-
sheets with a thickness of 1.0 nm have recently been shown
[82]. The Bi defects were shown to promote the adsorption and
activation of reactant molecules, which reduced the energy
barrier even more. The photocatalytic performance corrobo-
rated this. The presence of divacancies may help increase
charge carrier separation by capturing photogenerated electrons

close to the divacancies. In comparison, pure Bi;WOg nano-
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tion for optimizing photocatalysis against diverse contaminants”, pages 879-888, Copyright Elsevier (2016). This content is not subject to CC BY 4.0.

sheets had a photocatalytic performance 32 times lower for the
elimination of gaseous toluene when exposed to visible light.

Recently, Zou et al. proposed a simple hydrothermal synthesis
for preparing 2D BiOCI nanosheets [83]. This was accom-
plished by altering the pH value of the precursor solution and
using of dulcitol (CgH40g) as surfactant. The pH value sub-
stantially influenced the thickness of the nanosheets and the
fraction of exposed (001) facets. The sample synthesized at pH
4 demonstrated outstanding visible-light photocatalytic perfor-

mance regarding the degradation of RhB. This was due to the
low thickness, exposed (001) facets, and an appropriate number
of oxygen vacancies. This work proposed that revolutionary
photoexcitation mechanisms were found on oxygen vacancies.
Irradiation with visible light excites the electrons in the VB to
transition into defect states. In addition, photogenerated defect
states cannot readily recombine with photogenerated holes
because oxygen vacancies operate as electron traps. Because of
this, electrons trapped inside the oxygen vacancies have a

longer lifetime than those in the CB. Therefore, electrons in
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defect states have the potential to react with oxygen that has
been adsorbed by oxygen vacancies, which results in the pro-
duction of superoxide "0, radicals. These may subsequently be
employed to drive photocatalytic processes. The absence of a
metal atom would considerably affect the amount of absorbed
light, the rate of charge transfer, and the number of reactive sur-
face sites.

Metal/non-metal doping

Photocatalysts based on bivalent cations may be enhanced by
doping them with additional elements. Self-doping and deposi-
tion and doping of metals and non-metallic elements are the
most common doping methods. Metal ions modify the crystal
structure of the Bi-based semiconductor photocatalysts or in-
duce defects. Also, the photocatalytic properties may be altered
by doping or deposition of metallic components [84,85]. Using
a straightforward hydrothermal procedure, Hu et al. produced
iron-doped Bi, WOg nanocomposites [84].

In comparison to pristine Bi,WOg, Fe-doped Bi;WOg exhibits
superior visible-light photoabsorption, a considerably increased
number of oxygen vacancies, and a noticeably improved
capacity for separating photogenerated electrons and holes. As a
result of the Fe doping, an impurity energy level was produced
close to the VB, and an imperfection (oxygen vacancy) energy
level was produced close to the CB. Both of these energy levels
are in a position to potentially accept photoinduced holes and
electrons, which significantly improves the electron-hole pair
splitting. When Fe3* substitutes W*, the structure of the crystal
is not compromised in any way; nevertheless, numerous addi-
tional oxygen vacancies are produced. The increased
electron—hole pair separation is the driving factor behind the
improved photocatalytic activity of the Fe-doped Bi,WOg¢ com-
pound. When exposed to visible light, Fe-doped Bi, WOg¢ exhib-
ited photocatalytic degradation rates that were 11.9 and
8.0 times higher than those of pristine BiyWOg. This material
was also found to be superior to the majority of modified
Bi,WOg photocatalysts that had been reported in the past. In ad-
dition to this, Fe-doped Bi;WOgq has a high degree of stability.
The results of this study provide new information on boosting
the photoactivity of Fe-doped Bi; WOg.

The SPR effect can be obtained by the deposition of metallic el-
ements on a semiconductor surface. SPRs can potentially boost
quantum yield by broadening the spectral response range of
semiconductors. Fe, Au, Co, Ag, Ni, Bi, Al, and other metallic
elements are often deposited and doped. For example, a nano-
structure composite based on plasmonic Ag metal nanoclusters
and monoclinic BiVOy4 nanoparticles was fabricated using high-
energy ball milling [86]. Ag clusters (5-10 nm) were homoge-
neously distributed on the flocculated BiVO, particles
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(50-100 nm). The structure of the Ag-doped BiVO,4 nanocom-
posite would promote the efficiency of the photodegradation of
acid blue dyes. Huang and co-workers observed that a
Bi-Bi,WOg composite successfully degraded RhB and
4-chlorophenol under visible light [87]. They reported that the
formed heterojunction yielded a two times higher RhB photo-
degradation and a three times higher 4-chlorophenol photodeg-
radation than bare BipWOg.

Using nonmetal doping, doping energy levels may be created
between CB and VB of Bi-based photocatalysts. This can
increase light absorption, and charge transfer may be improved
to enhance electron—hole segregation and reduce recombination.
It is not uncommon to see nonmetals atoms replaced with
heteroatoms, such as N (C), B (S), X (F, Cl), Br (I). Dong et al.
[88] reported the fabrication of boron-doped BizO4Cl ultrathin
nanosheets via a solvothermal technique, which were found to
have enhanced solar absorption and efficient electron-hole sep-
aration. The B atoms enhance the photocatalytic performance
via (1) producing mid-gap states to widen the light response
region significantly up to 557 nm and (2) functioning as elec-
tron capture centers to accelerate charge carrier separation. Ac-
cording to ESR measurements, B-doped Bi3zO4Cl can create
more ‘O,~ and "OH radicals. Consequently, the B-doped sam-
ple has a 3-fold and 2.1-fold better degradation efficiency for,
respectively, BPA and ciprofloxacin than pristine BizO4Cl. This
study offers fresh perspectives on photocatalyst design and
underlines the importance of electronic structure modification

in catalytic activity adjustment.

Self-doping is a novel approach for introducing intermediates
from the synthesis process into photocatalysts to alter the
energy band structure and increase photocatalytic activity [89].
A simple two-step technique was used to develop a novel com-
pound photocatalyst of Bi/BiOBr-Bi>* [90]. X-ray diffraction,
field-emission transmission electron microscopy, and X-ray
photoelectron spectroscopy revealed the coexistence of self-
doped Bi>* and in situ deposited Bi(M). Compared to Bi/BiOBr
or BiOBr-Bi’*, the photocatalytic activity of Bi/BiOBr-Bi’*
regarding RhB degradation under visible light was significantly
increased. OVs helped in separating photoexcited carriers, and
SPRs enhanced the ability to absorb visible light. The photocat-
alytic activity of Bi(M) was further enhanced by the exposure of
(010) facets (Figure 4a). Bi%* reduced the bandgap of BiOBr,
which led to an increase in the density of carriers. Examining
electron transfer channels and identifying the most active
species led to a credible mechanism for RhB degradation
(Figure 4b,c).

It has been shown that the carrier combination centers may

easily get doped at a deep level, considerably lowering photo-
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Figure 4: (a) Crystal structure of self-doped Bi/BiOBr—Bi%*, (b) band structure, and (c) RhB degradation of Bi/BiOBr-Bi®* in visible light. Figure 4a—c
were adapted from [90]. This article was published in Separation and Purification Technology, vol. 253, by Q. Wu; S. Chai; H. Yang; Z. Gao;

R. Zhang; L. Wang; L. Kang, “Enhancing visible-light driven photocatalytic performance of BiOBr by self-doping and in situ deposition strategy: A
synergistic effect between Bi®* and metallic Bi”, article no. 117388, Copyright Elsevier (2020). This content is not subject to CC BY 4.0.

catalytic activity. As a result, optimizing the electrical configu-
ration by using suitable dopants and concentrations will
increase photocatalytic activity. Photogenerated electron—hole
separation efficiency and light absorption ability are critical
functions that can be improved by appropriate doping.

Heterojunction formation

In general, for a photocatalyst to function appropriately, it is
necessary to use a semiconductor with the following character-
istics: a bandgap suitable for light harvesting, effective charge

carrier separation capabilities, and suitable VB and CB edge
potentials [91,92]. It is challenging to meet these requirements
with only one single Bi-based photocatalyst. Constructing semi-
conductor heterojunctions may be an effective technique for
addressing the difficulties of individual Bi-based photocatalysts.
This may be due to the changeable band structure and effective
photoinduced electron—hole separation, which bestows them
with higher capabilities [93]. It is possible to improve absorp-
tion of visible light, charge carrier segregation, and charge
transport effectiveness by combining heterojunction and nano-
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materials in photocatalysts constructed with care. As a result,
this technique offers much potential for photocatalysis applica-
tions [94]. The band arrangement shown in Figure 5a may be
used to classify the heterojunctions between semiconductors as
either a straddling gap (type I), an uneven gap (type II), or a
broken gap (type III). Type-II heterojunctions have garnered the
most interest because of the improved photogenerated
electron—hole separation they offer. They include n—n hetero-
junctions, p—n heterojunctions, p—p heterojunctions, and
Z-scheme-based heterojunctions (Figure 5b). By using hetero-
junctions, it is possible to exert control over the electronic com-
ponents of the photocatalyst to increase light absorption and
photoinduced separation and migration [95,96]. Photoinduced
holes in n-type semiconductors are transported to p-type semi-
conductors by an electric field at the interface, whereas photoin-
duced electrons from p-type semiconductors are transported to
n-type semiconductors (Figure 5b).

Using simple and cost-effective experimental conditions, Sang
et al. reported the fabrication of nanoflower-like Bi;O3/BiyS3
heterojunctions via a one-step hydrothermal technique [97]. In
the photocatalytic elimination of RhB and Cr(VI) under visible-
light irradiation, the photocatalytic activity of this BiO3/Bi;S3
heterojunctions outperforms that of pristine BipO3 and Bi;S3.
They found that photoinduced holes were the main oxidative
species for eliminating RhB, whereas photogenerated electrons
were responsible for the photoreduction of Cr(VI). Typically,
the Fermi energy level of n-type BiO3 is quite close to the VB,
while the Fermi energy level of p-type Bi;S3 is somewhat close
to the CB. In a heterojunction from n-type Bi;O3 and p-type
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Bi,S3, electrons flow from n-type Bi,O3 to p-type BirS3, and
holes flow from p-type Bi;S3 with a low Fermi level to n-type
BiyO3 with a high Fermi level. As a consequence of this, nega-
tive charges build up in Bi;S3 near the interface, which leads to
an electric field. Also, the Fermi level of BiO3 goes down,
while the level of Bi;S3 goes up. Along the Fermi level, the
energy bands of both Bi;O3 and Bi»S3 are moving simulta-
neously in a downward and an upward direction. An equilib-
rium state, in which the Fermi levels of Bi;O3 and Bi;S3 equili-
brate at the p—n junction, was also proposed. Bi»S3, which has a
smaller bandgap than BiyO3, is excited when it is exposed to
visible light, while Bi,O3 is not. The photogenerated holes stay
in the p-type Bi;S3 VB, while the excitons in the p-type BiyS3
CB migrate to the n-type Bi,O3 CB. In the Bi,O3/Bi,S3 photo-
catalytic system, electrons and holes participate directly in the
redox process. In another reported work, a BiOI/Bi,0O,CO3/
graphene ternary composite was fabricated via a facile and
economic hydrothermal technique [98]. In order to assess the
newly constructed semiconductor heterojunction, tetracycline
and RhB were degraded using visible light. Better photocatalyt-
ic activity can be achieved with BiOI/Bi;O,CO3 photocatalysts
instead of just using BiOI alone. This is because in BiOl/
Bi;0,CO3 photocatalysts, an electric field emerges at the p—n
heterojunction, which in turn helps to foster the movement of
photogenerated carriers. Furthermore, the high photocatalytic
activity of the BiOI/Bi,O,CO3/RGO composite can be attri-
buted to the fact that the positively charged BiOI/Bi,O,CO3
was electrostatically paired with the negatively charged graph-
ite oxide (GO) to form interlayer contacts. This caused the pho-
tocatalytic reaction sites to boost, the light response to broaden,
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and the separation of photoinduced charge to improve. Lv et al.
[99] fabricated a p—n heterojunction-based novel CuS/Bio,WOgq
semiconductor photocatalyst with 2D interfacial connections of
CuS over the surface of Bi;WOg. The hydrothermal method
was used, and it was discovered that the produced CuS/Bi;WOgq
semiconductor photocatalyst had increased photocatalytic per-
formance for the breakdown of glyphosate when exposed to
visible light. Enhanced photocatalytic activity, excellent recyc-
lability, high stability of CuS/Bi;WOg photocatalysts may be
primarily due to the presence of an electrical potential at the
interface, which is responsible for both the enhanced visible
light absorption and the efficient segregation of photoinduced
charges. This study introduced a unique 2D interfacial coupling
for the production and design of efficient photocatalysts. It also
demonstrated that CuS may be used as an effective semiconduc-
tor in heterostructures, which is a concept that may be extended
to other functional nanomaterials based on bismuth.

The most important heterojunctions are known as Z-scheme
heterojunctions and have a band energy structure comparable to
type-II heterojunctions. However, there are many alternative
pathways open for charge carrier movement (Figure 6), includ-
ing mediator-free or direct (Figure 6a), solid mediator
(Figure 6b), and redox pair mediator (Figure 6¢) [43,100]. A
“mediator” is often employed to offer an intermediary conduit
for electrons to flow from the CB of semiconductor II (SC II) to
the VB of semiconductor I (SC I), making the charge transfer
easier [38]. A solid substance or a redox couple in solution may
serve as a mediator in the Z-scheme. This dual absorber system
has the potential to get excited, which would result in the gener-
ation of photogenerated holes and electrons in CB and VB, re-
spectively. Photogenerated electrons in the CB of SC II may
migrate to the VB of SC I, where they may merge with photo-

Beilstein J. Nanotechnol. 2022, 13, 1316—1336.

generated holes. This design is favorable for the electrons in the
CB of SC I and the holes in the VB of SC II to keep their
optimum and original redox potentials (Figure 6a). This method
of electron transmission resembles the letter Z. As a result, the
structure of this heterojunction is referred to as the direct
Z-scheme [43,101]. Fu et al. [102] demonstrated the synthesis
of a new direct Z-scheme photocatalyst made of ultrathin Bi;O3
and Bi;MoOg microspheres. For the effective production of
Bi,03/Bi;M00g nanocomposites, researchers adopted a simple
in situ alkali treatment of Bi,MoQOg followed by calcination. As
a substrate for the production of BiyO3 sheets, Bi,M0oOg¢ micro-
spheres were used. The 2D morphological properties of the
BiyO3 sheets resulted in enhanced charge carrier transfer. The
relative mass ratio of BiMoOg and Bi;O3 may be fine-tuned by
adjusting the alkali dose (i.e., NaOH or KOH). Using phenol
degradation and hydrogen generation as a test, the 1.5% BiyO3/
Bi;MoOg sample was shown to be the most photocatalytically
active. An easy hierarchical Z-scheme system with a ZnIn,S4/
BiVO, heterojunction has been proposed by Hu and co-workers
[103]. This system can precisely regulate redox centers at the
ZnIn,S4/BiVOy heterojunction by expediting the detachment
and mobility of photoinduced charges. This, in turn, increases
the ability of holes and electrons to undergo oxidation and
reduction, respectively. As a consequence of this, the ZnIn;Sy/
BiVO, heterojunction has unusual photocatalytic activity. It has
an H, evolution rate much higher than pure ZnIn,S,4, with a
value of 5.944 mol-g~!-h™!. This value is over five times higher.
In addition, this heterojunction has excellent stability and the
capacity to be recycled, making it a promising photocatalyst for
the formation of Hj. Ternary composite heterojunction photo-
catalysts have been also reported. The Fenelon group success-
fully fabricated SnO, and Bi;S3—Bi,5 composites via a facile
hydrothermal technique followed by thermal breakdown [27].
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Figure 6: Different charge transfer Z-scheme types: (a) Mediator-free or direct, (b) solid mediator, and (c) redox pair mediator. Abbreviation lists:
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The photocatalytic performance of the fabricated ternary com-
posite photocatalyst was 2.75 times higher than that of pristine
Bi;S3 for the photodegradation of RhB under visible light.
Their research also revealed that 15% SnO, precursor solution
was the most effective concentration for achieving a photocata-
lytic degradation efficiency of 80% after 180 min of exposure to
visible light. Photogenerated holes were found to be responsi-
ble for the oxidation and breakdown of the pollutant during the

photocatalytic reaction.

One of the most popular ways to create an effective heterojunc-
tion structure is by combining two semiconductors with
matching band alignment. When it comes to understanding the
mechanisms behind the enhanced photocatalytic performance of
heterojunction photocatalysts, researchers have recently pro-
posed an S-scheme heterojunction [45]. Separating photoin-
duced electrons and holes with an S-scheme heterojunction effi-
ciently preserves the promising redox properties of semiconduc-
tors. It is common for electrons to flow from the CB of one
semiconductor to the VB of the other in an S-scheme hetero-
junction photocatalyst due to an IEF that typically exists at the
interface of the two semiconductors [104]. Lately, Xu et al. re-
ported the fabrication of a MoS,/BiVOy heterojunction via
solvothermal and electrospinning techniques [105]. Without any
additional agent, the fabricated heterojunction completely
degraded a RhB dye solution within 20 min. BiVO,4 nanorods
photogenerated hydroxyl radicals rather than super oxides
because of the more positive oxidation potential of BiVOy,
(2.31 V). MoS, sheets favored the photogeneration of super-
oxide radicals because of the more negative CB position
(=1.39 V). This finding demonstrated the spatial distribution of
oxidation sites (BiVOy) and reduction sites (MoS,) via an
S-scheme charge transfer path and significantly aided in the
inactivation of bacteria under illumination. In another work, a
simple hydrothermal technique was applied by Liu et al. to
modify BiVOy, heterojunctions with carbon quantum dots [106].
Exceptional photocatalytic performance for the degradation of
RhB dye under visible light was exhibited by CNQDs-ms/tz-
BiVO,4 and NCQDs-ms/tz-BiVO,4 composites. The reason for
their increased photocatalytic efficiency was the formation of
heterojunctions together with the loading of quantum dots,
which enhanced the light-harvesting efficiency and promoted
the separation and migration of photogenerated carriers. The
fabricated composites followed the S-scheme charge transfer
mechanism, efficiently contributing to enhanced photocatalytic
performance. Another research group reported that photoreduc-
tion and hydrothermal techniques were used to successfully
synthesize a new 2D/2D Bi;Mo0Og/g-C3N,4 S-scheme compos-
ite including Au as a co-catalyzer [107]. Bi,MoOg/g-C3Ny4/Au
had a photocatalytic activity in RhB degradation that was
9.7 times and 13.1 times higher than that of Bi,MoOg and
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g-C3Ny, respectively. In the Bi,MoOg/g-C3N4/Au system, the
higher photocatalytic activity can be attributed to the abun-
dance of active sites and the enhanced separation efficiency of
photogenerated carriers. The potential role of Au nanoparticles
in the S-scheme heterostructure is noteworthy. They serve as a
co-catalyst for improving electron separation and transmission
due to the photogenerated potential.

By forming heterojunctions, the visible-light absorption as well
as the carrier separation efficiency of Bi-based nanophotocata-
lysts can be improved, which in turn increases the photocatalyt-
ic activity. The zonal organization of several crystalline sur-
faces made from the same material may significantly increase
charge separation. It can be used to create classic heterojunc-
tions in addition to surface heterojunctions, which can be
created using the same method. Surface heterojunctions have
recently emerged as a novel concept that has garnered much
interest. As a direct consequence of this, it is possible that in the
not-too-distant future, it will be possible to construct and
analyze further Bi-based surface heterojunction photocatalysts.
Table 2 below provides an in-depth explanation of several dif-
ferent strategies that may be used to improve Bi-based nano-
composites.

Environmental applications

The use of Bi-based photocatalysts in power production and
environmental remediation is widespread. Sewage treatment,
environmental monitoring, disinfection, and sterilization are all
areas where the photocatalytic breakdown of contaminants is
used. Primary energy uses included photocatalytic hydrogen
production from carbon dioxide, conversion of carbon dioxide
to specific molecular organic matter, and nitrogen fixation
[1,108,109]. Photocatalysts with Bi-based photocatalysts are
discussed in this section in more depth.

Photocatalytic hydrogen generation

At the moment, humanity’s existence greatly depends on the
consumption finite fossil fuels. Thus, finding long-term renew-
able energy sources is critical. Hydrogen is produced primarily
by the electrolysis of water, in parts using solar energy, and the
reformation of fossil fuels [110]. The conversion of water into
hydrogen by using solar energy is considered the best way to
produce hydrogen [111]. Photocatalysts still face the following
issues regarding efficient water splitting. First, the quantum
efficiency deteriorates as one moves into the visible region.
Second, photocatalysts such as sulfides and nitrogen oxides in
the visible region have poor stability and are frequently inacti-
vated by photocorrosion. Third, the removal of O, from the sur-
face of a semiconductor photocatalyst is complex, which is why
a h™-capturing substance is frequently added to the system to
promote the production of Hy [112]. Pt, Pd, Au, and other
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precious metals, as well as photocatalysts containing Cd, Pb,
and other elements (such as CdS), are some of the costliest and
environmentally hazardous high-performance photocatalysts on
the market. CdS is a more ecologically friendly alternative to
other photocatalysts [113]. To improve the efficiency of photo-
catalytic water breakdown from the perspective of catalytic
reaction kinetics, one method that is both practical and effec-
tive is to design photocatalysts in such a way as to change the
processes involved in photocatalytic reaction kinetics.

For example, Cao et al. reported the fabrication of a bismuth-
based Bi/Bi;MoQOg/TiO, nanocomposite photocatalytic materi-
al using a facile one-step solvothermal technique [114]. To
reduce metal Bi on the surface of Bi;MoOg, they employed
glucose as a reducing agent. To test the photocatalytic activity,
they exposed the as-prepared materials to simulated solar irradi-
ation and measured the degradation efficiency of RhB
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(7.321%), MB (92.98%), and Cr(VI) (70.54%). The highest
hydrogen generation rate was 173.41 mol-h™!.cm™2, and after
four cycles with the same parameters, there was no noticeable
decrease in the hydrogen production of the Bi/Bi,MoOg/TiO,
system. The development of Bi,MoOg/TiO; heterojunctions,
the SPR effect of Bi, and synergistic effect may be responsible
for the enhanced photocatalytic activity and hydrogen genera-
tion rate (Figure 7a). Developing semiconductor photocatalysts
that are both low-cost and highly efficient is essential for the
practical conversion of solar energy into fuel. A Ag—C3Ny-
modified (BiO),CO3 semiconductor photocatalyst was
synthesized using an in situ thermal approach in [115]. The ac-
tivity of the (BiO),CO3/g-C3Ny heterojunction reached
965 umol-h~!-cm™2 after 5 h. This is almost three times the ac-
tivity of pristine g-C3Ny or any other modified g-C3Ny4 nanoma-
terial (337 umol-h~l.cm™2). An increase in photocatalytic activi-
ty has been found due to the usage of a direct Z-scheme system
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Figure 7: Graphical representation of the proposed charge transfer mechanism of (a) the Bi/BioMoOg/TiO2> nanocomposite and (b) the (BiO)>COs/g-
C3N4 heterojunction. Figure 7a was reprinted from [114]. This article was published in Separation and Purification Technology, vol. 250, by D. Cao; Q.
Wang; Y. Wu; S. Zhu; Y. Jia; R. Wang, “Solvothermal synthesis and enhanced photocatalytic hydrogen production of Bi/BioMoOg co-sensitized TiO2
nanotube arrays”, article no. 117132, Copyright Elsevier (2020). This content is not subject to CC BY 4.0. Figure 7b was reprinted with permission
from [115], Copyright 2019 American Chemical Society. This content is not subject to CC BY 4.0.
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(Figure 7b). Theoretical simulations showed that charge carriers
were redistributed at the junction between (BiO),CO3 and
g-C3Ny.

Photocatalytic elimination of water pollutants

A wide variety of contaminants in water, such as heavy metal
ions, pharmaceuticals, and pesticides, have been used as models
substances for photocatalytic degradation. Reactive oxygen
species (ROSs) such as *O,~ and *OH are critical to the photo-
catalytic removal of environmental pollutants.

Malathi et al. reported the photocatalytic and photoelectrochem-
ical performance of BiFeWOg/BiOI nanohybrids, which were
fabricated by wet impregnation, under visible-light irradiation
[116]. Within 90 min, the composite degraded 92% of RhB.
Similarly, Priya et al. used a simple wet-chemical method to
make BiFeWOg/WO3 nanocomposites [117]. A 250 W tung-
sten halogen lamp was used to carry out the photoexcitation of
the catalysts for RhB degradation. After a period of 60 min, the
composite yielded a 83% breakdown of RhB. The multiferroic
single-phase material known as nanoscale zero-valent iron-
doped bismuth ferrite (NZVI@BiFeO3) displays concurrent
ferroelectric, ferromagnetic, and ferroelastic properties. BiFeO3
has the ability to be utilized in heterogeneous photocatalysis
when exposed to light from the sun. The NZVI@BiFeO3/g-
C3Ny4 nanocomposite was produced using a straightforward
hydrothermal process [118]. The composite was employed for
the photodegradation of RhB. The generated composite could
degrade 97% of the RhB dye when exposed to solar light. Com-
pared to pure BiFeOj3, the NZVI@BiFeO3/g-C3Ny composite
has a better optical responsiveness, which contributes to the im-
proved photocatalysis of the material. According to the theo-
rized dye degradation mechanism, the composite provides effi-
cient reactive species trapping sites. Because of this, the
NZVI@BiFeO3/g-C3N4 nanocomposite has the potential to be
utilized to oxidize a wide range of organic and inorganic conta-
minants that are found in wastewater.

Recently, Chava et al. proposed the solvothermal method for
preparing 1D/0D CdS/Bi heterostructures [119]. To evaluate
their potential photocatalytic performance toward photodegra-
dation of the organic pollutants, tetracycline was used as model
substance. The 1D/0D CdS/Bi heterostructures exhibited excel-
lent catalytic activity, compared to pure CdS. It was expected
that 1D/0D CdS/Bi could act as an effective photocatalyst for
the treatment of other organic pollutants in wastewater, such as
organic dyes and pharmaceuticals. The enhanced photocatalytic
degradation efficiency may be due to doped Bi** species, the
SPR effect in the metallic Bi quantum dots, and increased pho-
toinduced charge carrier separation. In another study, a visible-

light-sensitive heterostructure made of InVO4/Bio,WOgq
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nanoflakes was synthesized using an in situ hydrothermal
process [120]. The photocatalytic degradation of tetracycline
was successfully investigated. Notably, the InVO4/Bi,WOgq
semiconductor photocatalyst manufactured with 5.0 mg of
Bi, WOgq exhibits the highest tetracycline degradation rate, that
is, 97.42% in 72 min. Following the findings of quenching
studies, hydroxyl radicals and holes prevail throughout the pho-
tocatalytic process. In addition, the improved nanocomposite
does not lose its stability after being exposed to light for four
cycles, highlighting the excellent reusability and photostability
of the photocatalyst.

Photoreduction of carbon dioxide

The CO;, content in the atmosphere has risen from 280 to
408 ppm since the late 1800s. Officials and scholars are now
concentrating their efforts on devising strategies that would sig-
nificantly reduce atmospheric CO, concentrations. The photo-
chemical reduction of carbon dioxide to convert it to hydro-
carbon fuels is one of the most promising options that have
been found. Energy may be obtained from sustainable solar
energy, which can be used directly or indirectly in this process,
resulting in carbon recycling that lives up to its name since it
can be conducted outside at ambient temperature and atmos-
pheric pressure [121,122]. Therefore, using photocatalysis to
remove excess CO, from the atmosphere is of the utmost signif-

icance.

However, the photocatalytic reduction of CO; is difficult for
several reasons. First, breaking the bonds in CO, requires sig-
nificant energy. Second, reducing CO, to methanol or methane
requires processes involving the transfer of, respectively, six or
eight electrons. These processes are far more intricate than the
process transferring four electrons during the breakdown of
water. Third, transforming carbon dioxide into methanol and
other fuels requires complex, multi-step intermediate processes,
such as proton transfer and hydroxylation. Fourth, in a system
that exists in a liquid phase, the reduction of CO, is typically
followed by a competitive reaction (proton reduction) [123].
Furthermore, CO; reduction produces a range of by-products,

making catalyst selectivity crucial.

Among the candidates for CO, photoreduction, bismuth-based
photocatalysts have received enormous attention [124]. They
offer many advantages, such as excellent bandgap features and
a unique electronic structure. The vacancy defects in Bi-based
photocatalysts could facilitate the adsorption and activation of
CO,, resulting in further enhancing the efficiency of CO;
reduction. Moradi et al. combined sol-gel and photodeposition
processes to fabricate Pt@Bi-TiO, photocatalysts for
converting CO, [125]. As expected, methane production was

noticeably improved over the Pt@Bi-TiO; photocatalyst. Its
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methane yield was about 6.2 times greater than that of pure
TiO,. The enhanced activity might be attributed to the efficient
charge separation facilitated via Pt nanoparticles, and the
increase of CO, adsorption on phases containing Bi. Lui et al.
[126] reported that a simple in situ one-step combustion ap-
proach was used to prepare BiyAl4Og/B-BiO3 heterojunction.
Urea was employed as the fuel for the reaction, while bismuth
nitrate pentahydrate was used as a source of BiyAl4O9 and
B-BiyO3. A transfer pathway of the photogenerated charges was
suggested. Enhancement in CO yield was ascribed to oxygen
vacancies, which improved the adsorption activation of CO,,
and the photogenerated charge carriers effectively separated in
the heterostructure. The CO, photoreduction performance of the
heterojunction of 0.14 Bi,Al4O9¢/B-Bi,O3was determined to be
the highest. In contrast to the 1.5 pymol-g~! CO yield on
B-BiyO3, the sample of 0.14 BipAl40¢/B-BiO3 gave
13.2 umol-g~! CO. Bi integration into TiO, and subsequent
loading of Pt on its surface led to a significant rise in methane
generation. Methane yields were about 6.2 times higher with
modified TiO,, which included 3 wt % Bi and 1.5 wt % Pt,
compared to pure TiO,. Pt nanoparticles facilitated charge sepa-
ration and boosted CO, adsorption on phases containing Bi,
which increased CO, conversion activity.

Photocatalytic nitrogen fixation

Regarding the synthesis of NHj, photocatalytic N, fixation
(2N, + 6H,O + light = 4NHj3 + 30,) is a promising concept.
To further promote N, photofixation, many studies have
focused to develop effective photocatalysts.

Rong et al. proposed a Bi,Te3/BiOCI heterostructure as an
effective candidate for N, photofixation [127]. An NHj3 release
rate of 315.9 umol-L~!-h™! under UV-light irradiation was
achieved. The improvement might be attributed to the effective
prevention of hole—electron recombination. BiyTej is a highly
active semiconductor with a bandgap of 0.15 eV; however, its
reduction potential of 0.57 eV is less than that of No/NHj;
(0.092 eV). As its CB potential (1.1 eV) is more negative than
that of Np/NHj3 (0.092 eV), BiOCl may photogenerate electrons
and holes under UV light. So, the electrons photogenerated
from BiOCl were crucial to the N, photofixation. The photocat-
alytic activity of BiOCl is severely hampered by the recombina-
tion of photogenerated holes and charges. The photogenerated
charges from the excitation of Bi,Tes effectively suppress the
recombination of photogenerated holes and electrons of BiOCl,
which extends the lifetime of electrons in the CB of BiOCl.
Without the presence of light or photocatalysts, no NH3 was
measured. Fei et al. utilized graphene quantum dots and
Bi,WOg to construct a heterostructure for photocatalytic
nitrogen fixation [128]. The photocatalytic performance was,

respectively, 33.8 and 8.88 times better than that of pristine
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graphene quantum dots and Bi,WOg. Zhou et al. used an in situ
bismuth reduction technique on Bi,WOg [129]. Metallic Bi was
used as a lattice junction to build Bi;WOg, which was highly
oriented on the lattice structure. The directed interface and
transfer channels made separating photogenerated carriers
possible, leading to successful nitrogen fixation. In another
work, Zhang et al. coated Bi,WOgq with cyclized polyacryloni-
trile (c-PAN), which yielded active sites for N, absorption and
activation because the pyridinic N atom in c-PAN shifted into
an unsaturated state to interact with small molecules and to
transfer electrons to the small molecules [130].

Photocatalytic microbial disinfection

Heat and UV light are two methods to kill bacteria and viruses.
Photocatalytic technology has also been used to disinfect and
sterilize air, with positive results compared to traditional
methods. Compared to TiO; and ZnO, bismuth-based photocat-
alysts have a small bandgap and better visible light absorption
[131]. Wang et al. reported a hydrothermally synthesized mono-
clinic dibismuth tetraoxide (m-BiO4) with a small bandgap of
2.0 eV and mixed valence states (Bi’* and Bi’*) [132]. After
120 min of visible light irradiation, the m-Bi,O4 nanorods inac-
tivated E. coli with a substantially better photocatalytic effi-
ciency and photostability than CdS and BiyO3. The primary
ROS responsible for photocatalytic disinfection was found to be
‘OH. This research also suggested that bismuth-based nanoma-
terials might be effective, stable, and long-lasting semiconduc-
tor photocatalysts for water disinfection under visible light. In
another study, Liang et al. reported the fabrication of Agl/AgBr/
BiOBr( 751925 nanocomposites via solvothermal technique
[133]. The fabricated semiconductor photocatalyst was used to
deactivate Escherichia coli under visible light. A concentration
of 80 mg/L Agl/AgBr/BiOBr( 751 25 was able to totally inacti-
vate 3 x 10" CFU-mL™! E. coli cells in 30 min. Furthermore,
the bactericidal processes were thoroughly explored. The bacte-
ricidal activity of Ag* ions generated from the nanocomposite
was negligible, whereas active species such as h*, e”, and *O,~
played critical roles in the disinfection. Direct interaction be-
tween bacterial cells and nanoparticles was discovered to be
necessary for both the production of O, and disinfection pro-
cesses. E. coli cells were inactivated by disrupting the cell
membrane and releasing cytoplasm. Furthermore, even after
four repeated cycles, Agl/AgBr/BiOBr( 75125 showed excel-
lent antibacterial activity against E. coli. A novel Z-scheme
Agl/BiVOy heterojunction was synthesized via the chemical
deposition—precipitation technique [134]. E. coli disinfection
and the decomposition of oxytetracycline hydrochloride (OTC-
HCI) were used to measure the photocatalytic activity under
visible-light irradiation. The Z-scheme heterojunction took
50 min to kill bacteria and degraded OTC-HCI by 80% via pho-

tocatalysis, exhibiting high photocatalytic performance and
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photostability. h* and O, were shown to be the major reactive
species during photoinactivation, with K* permeability playing
an important role in cell membrane collapse and bacterial deac-
tivation. It was shown that the Agl/BiVO,4 photocatalyst is an
effective nanomaterial for wastewater treatment, specifically
with extremely high concentrations of pathogenic microorgan-
isms and antibiotics. Table 2 lists a Bi-based nanomaterials that

have been studied for environmental applications.

Conclusion and Future Perspectives

There is great potential for Bi-based photocatalysts in the reme-
diation of polluted environments and converting visible light
into usable energy. In this study, we demonstrated that nano-
scale Bi-based materials could be used for various photocatalyt-
ic ecological applications due to their distinctive electrical capa-
bilities, crystal structure, and chemical attributes. These nano-
materials were obtained using various synthetic methods. Since
there are constraints on employing just one Bi-based material as
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a photocatalyst, subsequent developments of Bi-based photocat-
alysts are explored in depth. The disadvantages are discussed in
this article. We considered the most up-to-date research on
Bi-based photocatalysts in our study. These developments
stemmed from improvements in system design, microstructure
management, and the synthesis of Bi-based composites. To
further investigate the photocatalytic process, we analyzed the
impact of several methods. The improved efficiency of photo-

catalysis based on Bi-valent cations was also covered.

Bi-based photocatalysts hold promise for environmental appli-
cations, but there is still much work to be done to improve the
photocatalytic efficacy. Essential criteria in this field include the
following: (1) Consideration must be given to the environ-
mental and workplace safety and the economic impacts of the
design process to overcome the “energy trilemma” when devel-
oping and building Bi-based photocatalysts. (2) The most diffi-
cult issue to address is obtaining and preserving the optimal

Table 2: Different roles of Bi-based semiconductor photocatalysts in various environmental remediation applications.

No Photocatalyst Enhancement Environmental Application ~ Role of photocatalyst Ref.
strategy
1 BiOBr facet-dependent bacterial disinfection enhanced photocatalytic generation [135]
of radical
2 BioO4/BiOBr facet-dependent MO dye degradation, enhanced light absorption, efficient [136]
nanosheets microbial disinfection photoinduced e~/h* pair separation,
boosted surface-adsorbed ability
3 BiOo_y Z-scheme O evolution increased IEF [137]
heterojunction
4 BioMoOg/g-C3Ngy heterojunction Ho evolution, microbial enhanced reduction capabilities [138]
formation disinfection
5 BiOI/BiOBr heterojunction bacteriostatic activity advance separation of the [139]
structure photoinduced holes
6 Agl/BisMoOg Z-scheme water disinfection strong redox potential and [140]
enhanced separation of
photogenerated charge carriers
7 MoS,/BisWOg p—n junction water detoxification generated electric field, efficient [141]
formation separation of photogenerated
charges
8 BiOCI surface defects CO, photoreduction increased surface adsorption [142]
9 Bi4OsBro Bi-rich strategy CO, photoreduction efficiently improved surface [143]
properties
10 BisWQOg/CuBisOy4 Z-scheme formation tetracycline dye increased surface oxygen vacancy [144]
degradation
11 BiPO4/BiOCly glg 1 Z-scheme phenol and RhB dye boosted redox ability increased [145]
degradation charge transfer
12 BioS3/SninySg heterojunction microbial disinfection, RhB  advanced redox ability [146]
formation dye degradation
13 g-C3Ny4/BioWOg/Agl  Z-scheme environmental enhanced the separation and [147]
decontamination transfer of photoinduced charges
14 BioWOg/CdS heterojunction Ho evolution, RhB dye enhanced electrochemical [148]
formation degradation properties
15 B-BinO3@g-C3N4 Z-scheme tetracycline dye enhanced separation ability and [149]
degradation prolonged lifespan of

photogenerated charges
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nanostructure and morphology. (3) Thorough knowledge on
reaction circumstances depending on structural traits is crucial.
(4) Only there are only few studies on Bi-based photocatalysts
in energy photocatalysis, such as Hy production, CO, reduction,
and selective organic transformation, because of the restricted
number of photogenerated electrons from the less negative CB
edge. (5) One of the most effective approaches to research
reduction applications is to use Z-scheme heterojunctions with
larger negative CB and photocatalytic Bi-based materials.
(6) The stability of photocatalysts plays a vital role in large-
scale application. Substantial research work has been already
reported on it, but more ways to stabilize and recover a used
Bi-based photocatalyst need to be found. Hence, more studies
on the durability and renewability of Bi-based photocatalysts
need to be carried out.
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Abstract

The present study outlines the transformation of non-photoresponsive hexagonal boron nitride (HBN) into a visible-light-respon-
sive material. The carbon modification was achieved through a solid-state reaction procedure inside a tube furnace under nitrogen
atmosphere. In comparison to HBN (bandgap of 5.2 eV), the carbon-modified boron nitride could efficiently absorb LED light irra-
diation with a light harvesting efficiency of #90% and a direct bandgap of 2 eV. The introduction of carbon into the HBN lattice led
to a significant change in the electronic environment through the formation of C—B and C-N bonds which resulted in improved
visible light activity, lower charge transfer resistance, and improved charge carrier density (2.97 x 10!° cm™3). This subsequently
enhanced the photocurrent density (three times) and decreased the photovoltage decay time (two times) in comparison to those of
HBN. The electronic band structure (obtained through Mott—Schottky plots) and charge trapping analysis confirmed the dominance
of 7, O,7", and "OH as dominant reactive oxygen species. The carbon modification could effectively remove 93.83% of methylene
blue (MB, 20 ppm solution) and 48.56% of phenol (10 ppm solution) from the aqueous phase in comparison to HBN which shows
zero activity in the visible region.

Introduction

Hexagonal boron nitride (HBN) commonly known as white
graphene belongs to a class of two-dimensional layered crys-
talline materials. It comprises boron (B) and nitrogen (N) atoms
in equal stoichiometry in a honeycomb-like arrangement

comparable to that of graphene [1-3]. Its interlayer stacking

consists of a sandwich-type arrangement of B and N atoms. The
N atom is more electronegative than the B atom, leading to po-
larization and localization of electrons in the HBN lattice. This
results in photoinactivity due to a wider bandgap (5.5 eV) and

limits its applicability to adsorption, drug delivery, insulators,
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flame retardants, hydrogen storage, among others [3-9]. This
dictates the development of various innovative approaches to
make it as a light-driven nanomaterial owing to its potential

capabilities.

The light-driven ability of HBN can be achieved through
multiple strategies. These include varying the structural mor-
phology, heterojunction formation with a suitable photocatalyst,
and doping with heteroatoms. The variation in the structural
morphology results in development of multiple active sites that
ensure adsorption and effective charge transfer [10]. On the
other hand, HBN has been utilised as a support material in the
formation of heterojunctions owing to its large surface area and
separation of charge carriers due to appropriate positioning of
edge potentials with respect to the synergised photocatalyst [11-
13]. The process of doping includes introduction of heteroatoms
such as sulphur, oxygen, and carbon into the HBN lattice. The
doping of oxygen into the HBN lattice results in the generation
of nitrogen vacancies and formation of energy sub-bands which
help in overall reduction of the bandgap energy (E) [14]. At the
same time, the incorporation of carbon into the HBN lattice
results in the delocalization of electrons with simultaneous
reduction in bandgap and is directly dependent upon the per-
centage of carbon introduced. This demonstrates the potential of
HBN to be used as a photocatalytic material. However the
studies in the sense of exploring its photocatalytic ablity
intented for environmental applications is very limited [15-17].
This has motivated us to extend our study on the specified
subject.

The present study discusses LED light-responsive modified
boron nitride (MBN) towards its photocatalytic application. The
HBN was modified by introducing carbon through the solid-
state reaction method. Such introduction of carbon into the
HBN lattice transformed it into a good light-responsive materi-
al with improved charge carrier density (2.97 x 1019 cm™). The
LED light harvesting properties were analysed through various
established characterization techniques and the photocatalysis
was verified by eliminating the aqueous phase methylene blue
(MB: 93.83%) and phenol (48.56%) moieties. The mechanistic
insights on the transfer and separation of charge carriers along
with the photodegradation performance and reactive oxygen
species (ROS) trapping have been enunciated in detail. The
apparent quantum efficiency (AQE) further substantiated the
potential of MBN to be used as a visible light photocatalyst.

Materials and Methods

Chemicals required

Boric acid (H3BOj3), melamine, glucose, hexagonal boron
nitride nanopowder (BET surface area: 19 m™2 g~1), MB, and
phenol were purchased from Alfa Aesar and TCI chemicals. All

Beilstein J. Nanotechnol. 2022, 13, 1380—-1392.

the purchased chemicals were high purity analytical grade

reagents and utilized without any further purification.

Synthesis procedure

The modified HBN was synthesized through a solid-state reac-
tion approach with various modifications to the process de-
scribed in Wang et al. [17]. An equimolar mix (0.1 M) of
melamine, boric acid, and glucose was finely grounded in an
agate mortar pestle to form a uniform white mixture. The
bandgap could be regulated by the amount of carbon substi-
tuted into the lattice sites, with higher concentration of C atoms
leading to better light harvesting and electronic properties
[17,18]. Thus, the amount of glucose utilized for this study was
fixed at 80 wt %. The obtained mixture was placed in a boat-
type alumina crucible and subjected to heat treatment in a tube
furnace at 900 °C for 3 h with a heating ramp rate of 5 °C/min
under nitrogen atmosphere. Finally, the obtained MBN was
naturally cooled to room temperature, washed multiple times
with DI water, and dried overnight at 60 °C. The commercially

available HBN was used as a control sample.

Characterization techniques

A Rigaku Smart Lab high-resolution X-ray diffractometer (HR-
XRD) equipped with a HyPix-3000 detector and Cu anode
emitting Ka radiation was employed to obtain the crystallo-
graphic characterization. The morphology of the obtained nano-
structures was captured by high-resolution transmission elec-
tron microscopy (HRTEM, Talos F200X G2, Thermo Scien-
tific). The optical properties were characterized with a
Shimadzu UV 2600 UV-vis spectrophotometer with an inte-
grating sphere attachment using BaSOy, as the standard. The
electronic arrangement of the studied materials was revealed
through a PHI 5000 versa probe III high-resolution X-ray
photoelectron spectroscope (HR-XPS). The mineralization effi-
ciency was estimated through the variation in the total organic
carbon content by using a Shimadzu TOC-L CSH analyser. The
surface area and pore characteristics were characterized by a
Micromeritics (3FLEX 3500) gas sorption analyser. The sur-
face charge was analysed through a Zeta-Meter 4.0 (Zeta-Meter,
Inc, USA). The electron paramagnetic resonance (EPR) experi-
ments were performed by utilizing an EMX micro A200-9.5/12/
S/W, Bruker Biospin, Germany.

Photoelectrochemical study

The photoelectrochemical properties of the studied materials
were evaluated through a CHI 650 electrochemical workstation
comprising a three-electrode system with Pt and Ag/AgCl as
counter and reference electrodes, respectively. The setup
consists of a 0.5 M NaySOy electrolyte/hole-scavenger solution
along with LED lamps as a visible light source. The working
electrode was fabricated through an ITO-PTFE electrode
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(dimensions: 1 cm X 1 cm) drop casted with a slurry of the
studied materials, isopropanol and Nafion solution. The
Mott—Schottky (MS) analysis was performed at a frequency of
1 kHz while the electrochemical impedance spectroscopy (EIS)
studies were conducted at 0 V DC under a frequency range of
107 to 100 Hz. The open circuit potential as a function of time
(OCPT) was performed under alternating light and dark condi-
tions. The linear sweep voltammetry (LSV) studies were con-
ducted under both dark and light conditions with a scanning

speed of 5 mV/s.

Photocatalytic activity

The LED-light-driven photocatalysis experiments were per-
formed in a 250 mL conical flask containing 50 mg of the
as-synthesized material and 200 mL of a solution containing
20 ppm of MB and 10 ppm of phenol under continuous stirring.
All the batches were subjected to a dark reaction until adsorp-
tion—desorption equilibrium was achieved. A control experi-
ment in the absence of photocatalysts was performed to study
the removal percentage due to photolysis of HyO,. Aliquots
were drawn at regular intervals, ultracentrifuged at 7500 rpm,
and then subjected to quantification of residual concentration of
pollutants using a spectrophotometer (UV 2600 SHIMADZU,
Japan). The intermediates formed during the photodegradation
of phenol were analysed through a gas chromatograph coupled
with a mass spectrometer (GC-MS, Thermo Fisher Scientific)
by taking aliquots at 150 min and 330 min. The photocatalytic
degradation and mineralization efficiencies were calculated by
utilizing the following equations [19]:

. [1-Abs(z)]

*100%,
Abs(0) ' M
1-T
Mineralization = L(t) *100%, )
TOC(0)

where Abs(0) symbolizes the initial absorbance, Abs(z) repre-
sents the absorbance of the samples at varied time intervals,
TOC(0) represents the initial TOC, and TOC(¢) denotes TOC at
varied time intervals.

Apparent quantum efficiency

The photon harvesting ability of the as-synthesized MBN was
evaluated by the apparent quantum efficiency (AQE) parameter.
The AQE was evaluated by using Equation 3 [20]:

Rate of reaction of the species (K (s))

E = .
Rate of photon absorption (1 (s)) =

Beilstein J. Nanotechnol. 2022, 13, 1380—-1392.

The intensity of the incident radiant energy was determined
through a radiometer and found to be 0.05 W/cm?.

Results and Discussion
Crystallographic information and
morphological analysis

The crystallographic information obtained for MBN is shown in
Figure 1a. The HR-XRD pattern demonstrates characteristic
diffraction peaks at 26.14° and 42° corresponding to (002) and
(100) planes of HBN, respectively. The interlayer distance
(002) for MBN was found to be 0.346 nm which is consider-
ably greater than that of HBN (0.334 nm). This indicates the
turbostratic and poor crystalline nature of the as-synthesized
MBN. The characteristic peak shift and widening can be attri-
buted to the surface modification through simultaneous replace-
ment of nitrogen atoms with larger carbon atoms [18,21,22].
The surface morphology of HBN, MBN-25, MBN-50, and
MBN-80 samples have been depicted in Figure 1b—f. Further-
more, the atomic microstructure of MBN-80 demonstrates a
sheet-like porous structure with a homogeneous distribution of
mesopores and can be visualized through the HRTEM images
in Figure 1g—-m. The formation of mesopores could be attri-
buted to the bubbling of various gases (NH3z, CO,, H,O) gener-
ated during the synthesis process [3,23].

Elemental characteristics and surface area
The XPS binding energy (BE) survey spectrum for MBN and its
constituent elements have been depicted in Figure 2a. The exis-
tence of B 1s, N 1s, and C 1s in the BE spectra clearly indicates
the formation of the BN framework along with the introduction
of carbon. The B 1s spectra seen in Figure 2b could be further
deconvoluted into three subpeaks at 191.30 (B-N), 189.81
(B—C), and 192.60 eV (B—-O) in MBN. The relative peak inten-
sity of the B-N bond in the B 1s spectra was found to be higher
than that of B-C/B-O bonds, indicating that MBN retained the
principal BN framework. Further, the N 1s spectrum (Figure 2c)
could be deconvoluted into three subpeaks at 397.3, 398.78, and
399.66 eV corresponding to N-B, N-C, and N-H bonds, re-
spectively. The C 1s peak from MBN was deconvoluted into
four subpeaks at 283.66 (C-B), 284.96 (C-C), 287.4 (C-N),
and 288.55 eV (C=0) respectively and has been depicted in
Figure 3d. The XPS analysis also validates the equal stoichiom-
etry of B/N in the as-synthesized MBN. Furthermore, the C
content in MBN was found to be 37.4% which is noticeably
higher. The O Is Be spectrum has been demonstrated in
Figure 2e. Thus, the previous observations strongly indicate the
successful introduction of carbon into the BN network [17,24].

Additionally, the as-synthesized MBN-80 nanopowder had a

lower BET surface area of 5.12 m? g~! with a pore volume of
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Figure 1: (a) HR-XRD plots for HBN and MBN-80, (b—d) SEM images for HBN, MBN-25, MBN-50, and (e, f) MBN-80. HRTEM images for (g, h) MBN-
80 nanosheets, (i) HAADF STEM image, and (j-m) elemental mapping of B, N, C, and O in MBN-80.

0.0073 cm3 g~!. The BJH adsorption pore size distribution indi-
cated the dominance of mesopores (2 nm < d < 50 nm) with an
average pore size of 4.42 nm. The N, adsorption—desorption
isotherm demonstrated a H4 type hysteresis curve indicating
narrow slit-like pores in the as-synthesized sample. In compari-
son, the HBN nanopowder had a BET surface area of
19.14 m? g~! with a pore volume of 0.0385 cm? g~!. The BJH

adsorption pore size distribution indicated an average pore size
of 3.63 nm with dominance of mesopores (1.54 nm < d <
60 nm). The BJH adsorption pore size distribution along with
the BET adsorption—desorption hysteresis for HBN and MBN-
80 have been schematized in Figure 4. The BET surface area
and pore volume decreased in MBN-80 and could be attributed

to the structural pore collapse or excess carbon aggregation
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Figure 2: XPS binding energy spectrum for constituent elements from MBN. (a) Survey scan, (b) B 1s, (c) N 1s, (d) C 1s, and (e) O 1s.

[25]. However, the increase in carbon content contributed to the

improvised light utilization property.

Electronic properties and zeta potential

The electronic properties exhibited by as-synthesized samples
were also studied through light-induced EPR measurements.
The Figure 4a demonstrates EPR spectra of MBN-25, MBN-50,
and MBN-80. The samples exhibit single Lorentzian lines
which can be attributed to the unpaired electrons. The MBN-80
sample shows the highest EPR spin intensity, meaning greater
concentration of unpaired electrons along with higher electron
delocalization which are highly favourable towards enhanced
separation and generation of charge carriers [26,27]. Addition-
ally, surface charge is an important parameter which governs
the adsorption of the pollutant moiety over the photocatalyst.
Thus, it becomes very important to study the variation of sur-
face charge of the MBN-80. The variation of surface charge
over MBN-80 in terms of pH value and isoelectric point of the
solution was studied through zeta potential analysis (depicted in
Figure 4b). It was observed that the surface of MBN-80 is posi-
tively charged at lower pH values which gradually increases
with the increase in pH range. The isoelectric point was deter-
mined to be at pH 5.08. The MBN-80 was found to be nega-
tively charged with a zeta potential of —20 mV at a neutral pH.
This implies that the surface of MBN-80 is negatively charged
above pH 5.08 which results in better adsorptive ability towards

positively charged pollutant moieties and vice-versa.

Optical studies

The UV-vis light harvesting characteristics (absorbance,
bandgap (E,), RI, and light harvesting efficiency (LHE)) of
HBN and as-synthesized MBN materials were obtained in the
spectral wavelength of 200 to 900 nm and are illustrated in
Figure 5. The Eg for HBN, MBN-25, MBN-50, and MBN-80
were extracted from the UV-DRS absorbance spectra through
the Kubelka—Munk function by utilizing the Tauc plot
mentioned in Equation 3. The obtained values were depicted in
Figure 5a—e. The enhanced light absorption properties could be
attributed to the grey/black colour of MBN and enhanced
charge transfer attained due to the change in the electronic
structure through the formation of C-—N moieties in the BN

framework [16].

(aE)2 = A(E-E,), 4)
E :%s &)

where £, a, ¢, E denote the Planck’s constant, absorption coeffi-
cient derived from the Lambert’s equation, speed of light
(3 x 108 m s71), and energy, respectively. The value of nn (n = 4
for direct bandgap and n = 1 for indirect bandgap) depends
upon the nature of the electronic transition within the semicon-
ductor. The HBN exhibited an absorption edge at about 220 nm
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Figure 5: (a—e) UV-DRS and Tauc plot, (f) RI plot, and (g) LHE plot for the studied materials.

corresponding to a bandgap (Eg) of 5.2 eV, whereas the
bandgap of MBN materials was found to be 3.68, 3.41, and
2 eV for MBN-25, MNB-50, and MBN-80, respectively.

The material capability to interact with incident photons and
light utilization were analysed by calculating the refractive
index of the studied materials through the Moss relation (Equa-
tion 6) and was depicted in Figure 5f. In Equation 6, E, denotes
the calculated band energy from UV-DRS analysis and R is the
refractive index [28].

4
E,R* =108 eV. ©)

Additionally, the photon harvesting ability of the studied photo-
catalysts was also evaluated by determining the light harvesting
efficiency (LHE). The LHE of the material was determined

from the following equation and has been demonstrated in
Figure 5g [29].

LHE% =100-T - R, @)

where T and R denote the transmittance and reflectance for the
specified materials, respectively. It was observed that the MBN
had an enhanced LHE (90%) in comparison to that of HBN
with zero activity in the visible range, 85% (MBN-50), and 70%
(MBN-25).

Electrochemical analysis

The EIS analysis provides further evidence on the enhanced
performance of MBN-80 by providing in-depth information on
the charge transfer kinetics, and the obtained Nyquist plots are
depicted in Figure 6a. The charge transfer resistance at the elec-
trode—electrolyte interface can be interpreted through the arc
radius from the Nyquist plot [30].
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MBN-80.

The lower Nyquist radius for MBN-80 thus demonstrates the
enhanced electrochemical performance and lower charge
transfer resistance. This mainly means an enhanced electron
transfer from MBN-80 for a favourable visible light photocatal-
ysis.

Additionally, the capacitance of the electrical double layer
generated at the semiconductor—electrolyte interface was

measured as a function of the applied potential (E,pp1) and

enunciated through Equation 8. Furthermore, the band structure,
Debye length (Lpg), density of charge carriers (V4), and width
of the space charge region (W) pertaining to MBN-80 could
also be calculated from the Mott—Schottky analysis through the
following equations [28,31,32].
L2 B %[Eappl
Ci. eA"N,eg

kpT
— Epp _Lj )

e
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where Cq, e, A, €, gy, kg, and T indicate the capacitance
of the space charge region, charge of an electron, active area
of the electrode, dielectric constant, permittivity of free
space, Boltzmann’s constant, and absolute temperature, respec-
tively.

The MS plots for the studied materials is depicted in
Figure 6b,c. The n-type nature of the materials was confirmed
through the occurrence of a positive slope. Subsequently, the
flat band potential (Epg) was determined by extrapolating the
linear portion of the MS plot [33]. The Egg values for HBN and
MBN-80 were determined to be —1.66 V and —1.52 V, respec-
tively. The respective potentials vs Ag/AgCl were converted to
NHE.

The CBypn shifted to a lower edge potential (by 0.14 V) due
to the interaction with the adjacent nitrogen/boron atoms
through C-B and C-N bonds [17]. Furthermore, this also in-
creased the availability of charge carriers in MBN-80 (Ng:
2.97 x 10'° cm™3) which was found to be significantly greater
than that in HBN (Ng: 7.38 x 10!8 cm™). The increased charge
density in MBN could be attributed to the accumulation of elec-
trons over the carbon atom which aids in the photocatalytic
process [24]. The MBN-80 also exhibited a lower Lpg and
charge transit time through the depletion layer (charge transit
time o« (LDebye)z), meaning a lower recombination of the charge
carriers leading to an enhanced photocatalytic activity [29]. The
same could again be justified through the width reduction of the
space charge region as seen in Figure 6d. Such reduction results
in rapid transport and separation of the charge carriers in com-
parison to HBN.

The electrochemical and potentiodynamic characteristics of
MBN-80 were studied by analysing LSV and OCPT data. The
LSV response for MBN-80 was studied under both visible and
dark conditions, whereas the OCPT studies were performed
under a constant voltage and discrete light illumination cycles
[34]. The LSV and OCPT plots were depicted in Figure 6e—g. It

Beilstein J. Nanotechnol. 2022, 13, 1380—-1392.

was observed that the illumination of MBN-80 generated elec-
tron—hole pairs which resulted in a voltage buildup which
subsequently decayed upon quenching of the light source [31].
The obtained photovoltage plots were subsequently fitted with
an exponential decay curve. The MBN-80 demonstrated a
reduced decay time (4.55 s) in comparison to that of HBN
(2.65 s) emphasizing an efficient charge separation. The photo-
voltage was measured to be 0.198 V for MBN-80 which is
about 3.3 times more than that of HBN (0.06 V), depicting the
superiority of MBN-80. Further, it generated a photo current
density of 12.14 pA/cm? which is three times greater than that
of HBN (4 pA/cm?).

Photocatalytic study of modified boron nitride
Photocatalytic study

Figure 7a—g depicts the adsorption and photocatalytic degrada-
tion performance of MBN-80 towards MB (20 ppm) and phenol
(10 ppm) accomplished through LED irradiation. Specifically, it
removed 78.87% of MB (20 ppm solution) which was further
enhanced to 93.83% in the presence of 0.05 M H,0O,. The pho-
tocatalysis process followed a pseudo-first-order reaction
kinetics with a rate constant (K) of 0.016 min~! (for the aqueous
phase MB) and 0.0204 min~! (for the aqueous phase MB in the
presence of H,O,) with a TOC removal of 54.55% and 70%, re-
spectively. On the other hand, the photocatalytic degradation of
phenol demonstrated a removal rate of 0.0015 min~! with
48.56% removal and a mineralization efficiency of 20.17%. The
AQE for phenol/H,O, system was found to be at 2.67%. A
negligible removal percentage in the order of 4% for MB and
6% for phenol over a period of 140 min and 330 min, respec-
tively, was observed for control experiments.

The photocatalytic degradation of MB was found to be depend-
ent on the solution pH value with greater removal at higher pH
values. The variation in the photocatalytic degradation as a
function of pH was depicted in Figure 7b. The high removal
rate towards MB could be ascribed to a better adsorption
boosted through electrostatic interactions (cationic MB and
negatively charged surface of MBN-80) and the synergy ob-
tained through the photoactivity of MBN-80 and dye sensitiza-
tion through MB moieties. The photosensitization of MB dye
moieties generates additional photo-excited electrons which are
transferred into the CB of MBN-80, resulting in enhanced
charge carrier density and generation of "OH via the O, reduc-

tion pathway, thus enhancing dye degradation.

Conversely, the photocatalytic degradation of phenol showed a
48.56% removal with a mineralization efficiency of 20.17% and
AQE of 2.67%. This could be explained by the fact that the
interaction of the photocatalyst with a specified pollutant varies

with respect to its chemical behaviour. In the case of MB, an
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electrostatic interaction was observed (owing to the negatively
charged MBN-80 and positively charged MB dye moieties) and
that triggered the photocatalysis reaction.

In the case of phenol, it contains a phenyl group (-C¢Hs) with a
neutral charge and thus the interaction between this group and
the photocatalyst is limited. Also, the phenol is not a photo-
sensitizing compound as MB. The variation in the photocatalyt-
ic degradation as a function of pH was depicted in Figure 7c. It
can be clearly observed that the degradation efficiency
decreases at higher pH values (pH 10) due to changes in sur-
face charges of the phenol moieties (Py, = 9.3) [35]. Neverthe-
less, the obtained MBN-80 was found to be a potential photo-

catalyst which can be activated with LED light and has a
limited spectrum as compared to solar light. The SEM images
of MBN-80 before and after five reuse cycles is depicted in
Figure 7e,f. A comparison between the photocatalytic perfor-
mance of MBN-80 and other photocatalytic materials reported
in the literature is discussed in Table 1.

Photocatalytic mechanism

The detailed photocatalytic mechanism is explained in
Figure 8a,b. The CB potential of MBN-80 (-1.7 V vs NHE) is
more negative than that of 0,/O,7" (=0.33 V vs NHE) [44].
Conversely, the VB potential of MBN (0.3 V vs NHE) is less
positive than that of HyO/°OH (2.32 V vs NHE) [45].
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Table 1: A comparison of the photocatalytic performance of MBN-80 with previously published photocatalytic materials.

SI.No Photocatalyst Light source Pollutant/degradation Ref.
efficiency
1 BCN-80 300 W xenon lamp with 420 nm cutoff filter U (VI1)/97.40% [17]
2 AgoCrO4 / BN visible light rhodamine B/96.70% [12]
composite photocatalyst
3 BisOslo/3 wt % BN 300 W xenon lamp rhodamine B/80% [36]
composite photocatalyst bisphenol-A/97%
4 0.9 % g-BN/g-C3Ng4 300 W xenon lamp with 420 nm cutoff filter BPA/91.9% [37]
composite photocatalyst
5 HBN-S 300 W xenon lamp 2,4-dichlorophenol/77% [38]
6 rGO/Fe304/Zn0O tungsten halogen methylene violet/83% [39]
composite photocatalyst
7 Fe304/ZnO/pumice green LED rhodamine B/72% [40]
composite photocatalyst
8 Fe304/ZnO/CoWO, LED MB/99% [41]
composite photocatalyst
9 HBN/titania UV light with a wavelength of 365 nm rhodamine B/98% [42]
composite photocatalyst MB/92%
10 5 wt % hBN/FeO3 250 W tungsten-halogen lamp MB/91% [11]
composite photocatalyst
11 CaTiO3/BNQDs sunlight tetracycline/88.5% [43]
composite photocatalyst
12 MBN-80 LED light MB/93.83% present
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Figure 8: (a) Electronic band structure demonstrating the edge potentials for MBN. (b) Charge trapping analysis using various quenching reagents
and (c) GC-MS analysis for the obtained intermediates.
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This implies that the degradation could be dependent upon e,
h* and O," as the predominant ROS species. Thus, the charge
trapping analysis (CTA) was conducted to determine the
dominant ROS species taking part in the degradation mecha-

nism.

The CTA was achieved by taking 1 mmol of p-benzoquinone,
isopropyl alcohol (IPA), AgNOj3, and triethanolamine (TEA) as
quenching agents to trap O,~", *OH, e”, and h*, respectively
[46]. The outcome of CTA was depicted in Figure 8b. The addi-
tion of TEA demonstrated an insignificant effect on the photo-
catalytic efficiency, which means no participation of h* in the
degradation process. Further, the addition of IPA also affected
the degradation performance suggesting the contribution of the
*OH radical (from photolysis of H,O,) in the photocatalytic
process. Furthermore, a substantial reduction in the photocata-
lytic activity was observed when AgNOs3 and p-benzoquinone
were added into the reaction system. The introduction of
AgNOj resulted in the capture of electrons from the reaction
mixture which disrupts the generation of O, " through the O,/
0,7 reduction pathway. The same can also be observed during
the addition of p-benzoquinone, which leads to a significant de-
crease in the photo catalytic efficiency due to scavenging of
O,7". Further, the byproducts of phenol degradation analysed
through GC-MS is depicted Figure 8c. The intermediate prod-
ucts were identified as catechol (m/z: 111), 4-hydroxybenzalde-
hyde (m/z: 122), salicylic acid (m/z: ~138), benzene-1,2,3-triol
(m/z: =126), maleic acid (m/z: =118), (Z)-4-oxobut-2-enoic acid
(m/z: =98), (Z)-hex-3-enedioic acid (m/z: =~146), and oxalic acid
(m/z: =91) [47,48].

Conclusion

The comprehensive analysis of the obtained experimental
outcomes substantiates MBN as a superior photoactive material
with enhanced LHE, charge carrier generation, and reduced
exciton recombination in comparison to HBN. The introduction
of carbon into the HBN lattice sites boosted the overall photo-
catalytic performance through changes in the electronic
structure by the formation of C-B and C-N moieties. This
also led to the delocalization of electrons and accumulation of
additional electrons from the graphitic carbon leading to an
increase in charge carrier density within MBN-80. The removal
of MB and phenol demonstrated LED-light-driven photocatalyt-
ic activity of MBN-80 over the nonresponsive photoinactive
HBN.
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Abstract

A TiO,@MWCNTs (multi-wall carbon nanotubes) nanocomposite photoanode is prepared for photoelectrochemical water splitting
in this study. The physical and photoelectrochemical properties of the photoanode are characterized using field emission-scanning
electron microscopy, transmission electron microscopy, X-ray diffraction, and linear sweep voltammetry. The results show that the
TiO,@MWCNTs nanocomposite has an optical bandgap of 2.5 eV, which is a significant improvement in visible-light absorption
capability compared to TiO; (3.14 eV). The cyclic voltammograms show that incorporating TiO, with the MWCNTs leads to a de-
crease in the electrical double layer, thereby facilitating the electron transfer rate in the TiO, @MWCNTs electrode. Moreover, the
current density of the photoelectrochemical electrode formed by TiO, @MWCNTSs under solar irradiation is significantly higher
than that prepared by TiO, (vs Ag/AgCl). The low charge capacity of the TiO,@MWCNTSs electrode—electrolyte interface hinders
the recombination of the photogenerated electrons and holes, which contributes to the enhancement of the solar-to-hydrogen (STH)
conversion efficiency. The average STH conversion efficiency of the TiO,@MWCNTs electrode under solar exposure from 6 AM
to 5 PM is 11.1%, 8.88 times higher than that of a TiO; electrode. The findings suggested TiO, @MWCNTs is a feasible nanomate-

rial to fabricate the photoanode using photoelectrochemical water splitting under solar irradiation.
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Introduction

TiO; is an excellent photochemical catalyst for environmental
and chemical applications due to its good activity regarding nu-
merous reduction and oxidation reactions. As a wide-bandgap
(ca. 3.2 eV) semiconductor, TiO; is a promising photocatalyst
for degrading a massive range of high-molecular-weight
organic pollutants under UV radiation [1]. Because of high
specific surface, nanoscale TiO, as grains or tubes can absorb
UV light more substantially than mesoscale TiO, [2,3]. This
results in an improvement of the photon efficiency of TiO,
nanoparticles. Reducing the dimension of the photocatalyst
favors not only a bandgap shift to the visible-light region but,
unfortunately, also the recombination of photogenerated elec-
trons and holes (e /h*), which limits the photocatalytic perfor-

mance [4,5].

Because TiO; only exhibits photochemical activity under UV
excitation, which accounts for a small fraction (ca. 4%) of the
solar energy, numerous modification methods such as doping
with nonmetals, coupling with other catalysts, and attaching to
supports have been developed to increase the absorption of
visible solar light [6,7]. Notably, carbon nanotubes (CNTs) are
a promising material for visible-light absorption [8]. A combi-
nation of TiO;, with CNTs can effectively enhance the separa-
tion of e /h* pairs based on the high electric conductivity of
CNTs. This approach improves solar water splitting perfor-
mance [7,9]. However, an excess amount of CNTs can deterio-
rate the photoactivity of TiO, nanoparticles because CNTs
block and cover the surface of TiO, [9].

There are three categories of water splitting techniques applying
photocatalysts, namely photocatalytic, photoelectrochemical,
and photovoltaic—photoelectrochemical systems. The features
and the operating mechanism of photoelectrochemical water
splitting are detailed in [10,11]. Photoelectrochemical water
splitting has attracted much research interest because it has
some outstanding advantages. The research focuses on synthe-
sizing and modifying photocatalysts for photoanodes and photo-
cathodes for photoelectrochemical water splitting [11]. Several
TiO,-based photocatalysts have been developed and applied
in photoelectrochemical water splitting. The results showed
that the solar-to-hydrogen (STH) conversion efficiency of
TiO,-based photoanodes (0.2—0.42%) is lower than that of
TiO,/CNT anodes (4.4%), which is attributed to a wider
bandgap of the TiO, photocatalyst and the lesser extent of € /h*
pair recombination [12]. Dai et al. prepared a MWCNTs/TiO,
(MWCNTs = multi-wall carbon nanotubes) nanocomposite by
sol-gel method for visible-light-induced photocatalytic hydro-
gen evolution [8]. The photocatalyst consisted of dense TiO;
particles covering functionalized MWNTs and exhibited good
photoactivity under visible light (A > 420 nm), but the

Beilstein J. Nanotechnol. 2022, 13, 1520-1530.

photoelectrochemical water splitting showed a low hydrogen
evolution of 450 umol-h~!. Reddy et al. loaded TiO, particles
on MWCNTs via a simple hydrothermal method [13]. However,
the MWNTs/TiO; nanocomposite showed photoactivity only
under UV irradiation due to the high bandgap of 3.1 eV.

To the best of our knowledge, there are only a few studies on
TiO,@MWCNTSs nanocomposites as photoanode material for
photoelectrochemical water splitting. Furthermore, the prepara-
tion of TiOo/MWCNTSs nanocomposite derived from TiO, pre-
cursors and functionalized MWCMTs for photoelectrochemical
water splitting is based on complicated and time-consuming
hydrothermal and sol-gel methods. Herein, a TiO,@MWCNTs
nanocomposite photocatalyst is synthesized via a simple hydro-
lysis method. The coupling of TiO, and MWCNTs aims to limit
the recombination of photogenerated electrons and holes, to
improve the visible-light absorption of the photoanode under
solar irradiation, and to enhance the hydrogen evolution. The
morphology and photoelectrochemical properties of the
TiO,@MWCNTs electrode are systematically studied, and the
efficiency of the electrode in photoelectrochemical water split-
ting is also demonstrated.

Experimental

Materials

Multi-wall carbon nanotubes (purity >99.5%), synthesized via
chemical vapor deposition were supplied by Vinanotech
(Vietnam). Titanium tetrachloride (purity >99%) was pur-
chased from Sigma-Aldrich (USA), and pure potassium hydrox-
ide and potassium chloride (purity >85%) were provided from
Merck (Germany). All other chemical reagents used in this

study were of reagent grade.

Preparation of photocatalyst and

photoelectrode

TiOo powders

TiO, powders were simply prepared from a violent hydrolysis
reaction of TiCly vapor in humid air. Precipitated fine TiO, par-
ticles were collected before thermal treatment at 350 °C for

60 min.

TiOo@MWCNTSs nanocomposite

First, 1.0 g of MWCNTs are added to 25 mL of TiCly in a glass
beaker under an inert atmosphere. Following, MWCNTs are
dispersed in TiCly under ultrasound for 15 min. After that, an
excessive amount of deionized water is slowly dropped into the
mixture. Then, the obtained solid phase is filtered and washed
with water to neutralize. Finally, it is treated at 350 °C within
60 min to form the TiO,@MWCNTSs nanocomposite photocata-
lyst.
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Photoelectrochemical electrode

1.0 g of the obtained photocatalyst is dispersed in a 25 mL solu-
tion containing 0.1 M of polyaniline and 0.3 M of oxalic acid. A
plastic bar (15 x 35 x 3 mm? of width x height x thickness) as
the support for the electrode is immersed in the as-prepared
mixture. The catalyst mixture is assembled on the plastic bar
under ultrasound for 1 min. Finally, the photoelectrochemical
electrode is obtained after drying at 60 °C for 15 min.

TiOo@MWCNTSs nanocomposite

characterizations

The surface morphology of MWCNTs and the
TiO,@MWCNTSs nanocomposite is characterized by using
field-emission scanning electron microscopy (FE-SEM, S4800)
and transmission electron microscopy (TEM, JEOL-1400). The
crystallization behavior of the catalysts is analyzed by X-ray
diffraction (XRD, D2 PHASER). The chemical structure of the
samples is characterized using Fourier-transform infrared spec-
troscopy (FTIR, Brucker 27). The electrochemical measure-
ments are carried out on a MPG2 Biologic system with a three-
electrode cell controlled by ECLab® software. Diffuse reflec-
tance spectra (DRS) are recorded with a spectrophotometer (FL-
1039, HORIBA) using a 450 W xenon lamp. A portable Lux-
meter (MW700, Milwaukee) and a pyranometer (SR30, Huse-
flux) are used for sunlight intensity and irradiance measure-

ments.

Photoelectrochemical measurements

Electrochemical measurements are performed in 0.1 M KCl
solution at a scan rate of 50 mV-s~! with a three-electrode cell
using Ag/AgCl and Pt wire as the reference and counter elec-
trodes, respectively. The prepared TiO»@MWCNTs electrode
is used as the working electrode. The measurement is carried
out in a lab under 350 + 10 lux of naturally luminous emittance.
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The relation of current and potential is recorded under dark (D)
and light (L) conditions corresponding to the sunlight intensity

below 10 lux and around 100 lux.

Photoelectrochemical water splitting performance experiments
are carried out under natural sunlight using a two-electrode cell,
including the photoanode and a Cu-based cathode. Hydrogen
evolution at the cathode and the solar irradiance is recorded at
60 min intervals. The prepared photoelectrochemical electrode
is wholly immersed in KOH electrolyte before each
photoelectrochemical measurement. Only one electrode surface
with a size of 1.5 x 2.0 cm? is irradiated. A schematic of the ex-
perimental apparatus is described in Figure 1.

Results and Discussion
Characterization of the TIOo@MWCNTSs

nanocomposite catalyst

FE-SEM images of the morphology of the MWCNTs, TiO;
powder, and the TiO,@MWCNTs nanocomposite are shown in
Figure 2. They confirm that the TiOo@MWCNTSs nanocompos-
ite catalyst is successfully prepared via the hydrolysis reaction.
It can be seen from Figure 2a that the morphology of MWCNTs
is incoherent, curved, interlaced, and with little branching.
Furthermore, a non-uniform decoration of TiO, clusters is ob-
served on the surface of the MWCNTs (Figure 2c).

Figure 3 shows TEM images of the MWCNTs, TiO, powder,
and the TiOo@MWCNTs nanocomposite. Figure 3a shows that
the pristine MWCNTs are uniform and possess an external di-
ameter of less than 50 nm with a wall thickness of roughly
10 nm. Moreover, the non-smooth walls of the MWCNTS indi-
cates the presence of defects such as vacancies, dangling bonds,

interstitials, and pentagons [14]. Figure 3b shows the irregular

©
Hydrogen
e collector
L o
= -
=
‘8 3
£ 3
—1220 4.5
—VAC VDC]|
Adapter
o—3 e ~]

Figure 1: Schematic of the photoelectrochemical water splitting experimental apparatus.
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Figure 3: TEM images of (a) MWCNTSs, (b) TiO2, and (c) the TIO,@MWCNTs nanocomposite.

shape of TiO, particles smaller than 20 nm and their non-
uniform distribution. In Figure 3c, some MWCNTs link with
TiO, clusters as conjunctional bridges. TiO, particles deposit
only on the outside wall surface of the MWCNTs. Additionally,
an agglomeration of TiO; particles is only observed at the
branching points, zigzag regions, and the end of MWCNTs
where the defects are identified. However, the observation
differs from previous studies, in which the TiO; particles are
uniformly attached to CNTs by layer-by-layer coating or
sol-gel methods [15-17]. Notably, the defects on the wall sur-
face of MWCNTs, which enable m—r interactions, could be the
active sites to generate the TiO, agglomerations via hydroxy
groups and, thus, enhance the photoelectrochemical activity in
aqueous environment [18-20].

Figure 4 shows the EDX spectra of MWCNTs and the
TiO,@MWCNTSs nanocomposite. The EDX spectrum for
TiO,@MWCNTs confirms the presence of Ti, which accounts
for 28.76 wt %. Small amounts of Fe, Al, and Si exists in
as-synthesized MWCNTs and TiO,@MWCNTs, which could
result from the catalyzed synthesis of MWCNTSs [14].

Raman spectroscopy is applied for phase characterization of
MWCNTs and TiOo@MWCNTS, as shown in Figure 5. The
peaks at 178, 424, and 609 cm™! are characteristic of the TiO,
phase in the TiO,@MWCNTs catalyst [21]. In the Raman spec-
trum of MWCNTSs, there are two bands, that is, the D band at
1324 cm™! and the G band at 1585 cm_l, which are ascribed to
the defect structure and the ordered graphitic structure of the
MWCNTs, respectively. The ratio between the D band and G
band intensities (Ip/lg) of the TIOH@MWCNTs catalyst is 1.45,
higher than that for MWCNTSs with 1.23. This observation indi-
cates that TiO; is a functional group on the outside wall of
MWCNTSs [22]. The ratios of Ig'/Ip and Ig'/Ig of
TiO,@MWCNTs are 0.67 and 0.93, respectively. These ratios
are higher than that for MWCNTSs, with 0.41 and 0.51, respec-
tively. The results reveal that TiO; contributes to an increased
number of defects on TiO,@MWCNTSs [20]. Nevertheless, the
intensities of the G bands belonging to the MWCNTs and the
TiO,@MWCNTSs nanocomposite, ascribed to the structure of
the MWCNTs, are only slightly different. This reveals that the
defects in the initial MWCNTs are hardly affected by the TiO,
nanoparticles. The TEM image also confirms that TiO, nano-
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Figure 4: EDX spectra of MWCNTs and TiOo@MWCNTs.
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Figure 5: Raman spectra of MWCNTs and TiOo@MWCNTs.

particles only attach to some defects on the MWCNTs
(Figure 3c) [17].

FTIR spectra of MWCNTs, TiO,, and the TiO,@MWCNTSs
nanocomposite are shown in Figure 6a. Regarding the spectrum
of MWCNTSs, a typical peak at 1559 cm™! is attributed to the
vibration of C=C groups, whereas the peaks at 536, 1343, and
3394 cm™! correspond to the C—O-C, C—C—0, and OH groups,
respectively, on the MWCNTs [23]. For TiO5, a broad peak at
3404 cm™! is attributed to the OH stretching, and another broad
peak at 621 cm™! is assigned to the Ti-O and Ti-O-Ti

stretching of TiO, [24]. In addition, the spectrum of
TiO,@MWCNTs shows the characteristic peak at 972 cm™! of
the vibration of Ti—~O-C groups, indicating the formation of a
covalent bond between TiO, and MWCNTs [24].

The UV-vis diffuse reflectance spectra of the prepared cata-
lysts are shown in Figure 6b. The optical absorption of TiO; is
in the UV region, while the light absorption edge of
TiO,@MWCNTs redshifts to the visible-light region. As seen
from the Tauc plots (inset of Figure 6b), the optical band gap of
TiO; and TiO,@MWCNTs catalysts are calculated as 3.14 and
2.51 eV, respectively. The results show that the lower bandgap
of TIOp@MWCNTs catalyst could derive from vacancies on
the MWCNTs or the interaction between TiO; and MWCNTSs
[25]. Moreover, the C—O-Ti linkages on the TiO,@MWCNs
contribute to the extension of the absorption of light at a longer
wavelength [26]. Accordingly, the low bandgap of
TiO,@MWCNTs indicates improved visible-light absorption.

XRD analysis is performed to confirm the crystalline structure
and phase composition of TiO,, MWCNTSs, and the
TiO,@MWCNTSs nanocomposite as described in Figure 7.
Diffraction peaks at 26.1° and 42.6° correspond to the d-spacing
between graphene sheets and the lateral correlation of graphite
layers, which is presentative for MWCNTs [27]. Additionally,
the XRD pattern of TiO, exhibits peaks at 25.4° and 48.2°,
ascribed to the anatase phase, while the other peaks at 27.6° and
36.2° are attributed to the rutile phase [28]. The weight fraction

of anatase/rutile (f) relating to the intensity of the most substan-
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tial peaks (25.4° for anatase (/o) and 27.6° for rutile (IR))
is calculated to be 73.8 % using the estimated model
f=1/(1 + 1.26Ix/I5) [29]. The overlap of the prominent peak at
26.1° for MWCNTs with that at 25.4° for anatase TiO, results
in a problematic identification for each component. Moreover,
the rutile phase increases 3.5 times based on the intensity of the
primary diffraction peak at 27.6° of TiO,@MWCNTSs com-
pared to that of TiO,. The observation indicates that anatase
TiO, transforms into rutile. This could be due to the carbon
components on the MWCNTs acting as a robust reducing agent
for facilitating the transformation from anatase to rutile TiO, by
forming oxygen vacancies [30].

Generally, the capacitance of the photoelectrochemical elec-
trode is associated with the photoelectrochemical processes

occurring at the interface between electrode and electrolyte
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Figure 7: XRD patterns of MWCNTSs, TiO5 and TiOo@MWCNTSs nano-
composite.

[31]. Cyclic voltammetry measurements are utilized to analyze
the characteristics of charge and discharge of the
photoelectrochemical electrodes. Figure 8a shows the cyclic
voltammograms (CVs) generated using the prepared TiO,,
MWCNTs, and TiO,@MWCNTs electrodes as working elec-
trodes in 0.1 M KCl electrolyte at a sweep rate of 50 mV/s. In
Figure 8a, oxidation and reduction peaks are not observed in the
CVs in the scanned potential range from —1.0 to +0.2 V. In the
CV of the TiO; electrode, the current decreases significantly at
a potential below —0.3 V, which could be due to the electron
trap energy [32]. Moreover, the width of the CV for the
MWCNTs electrode is more larger than that for TiO, and
TiO,@MWCNTs electrodes, indicating that the MWCNTs
electrode possesses a porous surface and high capacitance
derived from a thick electrical double layer (EDL) [33]. Howev-
er, incorporating TiO, onto the MWCNTs leads to a decrease of
the EDL, increasing the electron transfer rate in the
TiO,@MWCNTs electrode [34]. Puthirath et al. proved that the
EDL has a significant influence on the hydrogen evolution reac-
tion of the electrode [35]. Based on the cyclic voltammetry
results, it could be suggested that the TIO,@MWCNTs elec-
trode is superior regarding photoelectrochemical application
compared to TiO, and MWCNTs electrodes.

Electrochemical impedance spectroscopy (EIS) is applied to
characterize the electron-transfer property of the electrodes
through Nyquist plots, as shown in Figure 8b. The MWCNTs
electrode has the lowest arc radius among the prepared elec-
trodes, indicating the fast charge transport on this electrode
[36]. A contrastive result is observed for the TiO, electrode,
which could be due to the poor electrical conductivity of TiO,
[37].
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Table 1 shows the EIS parameters obtained from fitting the
measured results with equivalent circuits. The R values
illustrate a low electrical resistance of the 0.1 M KCl solution,
while the R, values show that the TiO, electrode has the highest
resistance among the prepared electrodes [38]. The results
reveal a significant improvement in the electrical conductivity
for the TIO,@MWCNTs electrode. The result agrees well with
a previous study on TiO,@graphene composite electrodes [37].
Among the electrodes, the EDL capacitance (C;) at the
Ti0, electrode surface is the lowest (1.32 pF), whereas
that on the MWCNTs surface is the highest (29.64 uF).
The EDL on the photoelectrochemical electrode surface
contributes to the prevention of a fast carrier recombination
and, hence, could improve the performance [39]. However,
a thick EDL is detrimental to the photoelectrochemical
performance because free electrons can shift to the trap state, re-
sulting in a potential difference in the interface between the
electrolyte and the electrode [40]. The Warburg element (W3) in
the equilibrium circuit, indicating the contribution of diffusion
to the overall charge transfer on the electrode, is not found in
the TiO, and TiO,@MWCNTs electrodes [41]. The EIS spec-
trum shows that the Voigt circuit is found to fit the TiO, elec-
trode. In contrast, the EIS spectrum of the TiOo@MWCNTs
electrode, including two semicircle parts, demonstrates
different responses of the electrode at low and high frequencies
[42,43]. Additionally, the equivalent circuit fitted to the
TiO,@MWCNTs electrode indicates that electron and
ion transfers and the electrode material contribute to the
overall charge transfer [43]. The results suggest synergies of
TiO, nanoparticles and MWCNTs in the TiO,@MWCNTs
electrode.

Table 1: Parameters from fitting EIS results.
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Effect of KOH concentration on
photoelectrochemical water splitting

Figure 9a shows the effect of KOH concentration on the activa-
tion voltage for the water redox reaction at the
photoelectrochemical electrodes. The increase in KOH concen-
tration leads to a decrease in the resistance of the electrolyte,
thereby decreasing the activation voltage for water splitting or
water redox reaction of the photoelectrochemical electrodes
(Figure 9a) [44]. Notably, the activation voltage for water split-
ting of the TiO,@MWCNTs electrode is lower than that of the
TiO; electrode at all KOH concentrations. Furthermore, a KOH
concentration higher than 3 M insignificantly affects the activa-
tion voltage of the TiO,@MWCNTs photoelectrochemical elec-
trode.

The increase in KOH concentration could improve the
electrical conductivity and the photocurrent of the
photoelectrochemical electrode [44,45]. As seen in Figure 9b,
the water splitting performance was significantly enhanced
with increasing KOH concentration. However, the difference in
the photoelectrochemical performance between KOH concen-
trations of 3 and 4 M is negligible. Furthermore, using high
KOH concentrations for the electrolyte is not recommended to
avoid corrosion of the electrodes [44]. Accordingly, it is sug-
gested that the 3 M KOH electrolyte is suitable for the

photoelectrochemical electrolyte.

Photoelectrochemical behavior

The relationships between the applied potential and the current
density of TiO, and TiO,@MWCNTs electrodes under dark
(D) and light (L) conditions (luminous emittance values in the

Electrode Best fit circuit Parameters Values Dev.
TiO R, C, Ry, Q 3.457 0.2782
—':'—L_é,__l— Co, UF 1.324 2718 x 10-9
R», Q 84.04 0.3206
R,
MWCNTs R, C, W, R, Q 1.385 0.2425
—D‘LTE_I-W— Co, yF 29.64 2.971 x 106
Ry, Q 17.84 0.3985
R2 Wa, Q 202 1.27
TiO,@MWCNTSs R1 + Co/(Rg + C3/R3) Ry, Q 1.666 0.2652
Co, WF 12.47 1516 x 1078
Ry, Q 21.32 1.49
Cs, mF 0.493 0.175 x 1073
R3, Q 13.78 1.661
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Figure 8: (a) Cyclic voltammograms in 0.1 M KCI at 50 mV/s of scan
rate, (b) Nyquist plots from EIS measurements in 0.1 M KCI.

range of 20-40 and 50-60 klux, respectively) are shown in
Figure 10a. The results show that the current density of both
electrodes tested under light condition is more higher than that
in the dark. The TiO, electrode exhibits insignificant photocata-
Iytic activity in the studied potential window. This confirms that
the combination of TiO, and MWCNTSs enhances the visible-
light absorption of the nanocomposite, even under weak light
illuminance (dark conditions), which leads to the enhancement
of the current density of the TiO,@MWCNTs electrode. At
1.0 V of voltage, the current density of the TiOo@MWCNTs
electrode is about 30 times (D) and 10 times (L) higher than that
of the TiO, one. The results reveal that the TIO,@MWCNTs-
based photoelectrochemical electrode is an effective

photoelectrochemical catalyst under visible-light irradiation.
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Figure 9: Effect of KOH concentration on (a) water splitting activation
voltage and (b) rate of H, evolution at a voltage of 1.0 V; measure-
ments under sunlight with 85 + 5 klux of illuminance.

Figure 10b shows the hydrogen production and the average
light intensity as a function of the time of the day from
6:00 AM to 5:00 PM. In Figure 10b, the sunlight illuminance
peaks from 10:00 AM to 2:00 PM correlate with the highest
hydrogen production of the TiO,@MWCNTs electrode. The
TiO, electrode exhibits poor hydrogen production under
sunlight irradiation. It could be explained by the 3.14 eV optical
band gap of TiO,, which absorbs only UV light. In addition, the
fast recombination of the photogenerated (h*/e”) pairs contrib-
utes to the poor photochemical catalysis activity of the TiO;
electrode [46]. For the TiO,@MWCNTSs nanocomposite, the
TiO, agglomerates attached to the MWCNTSs are found to
prevent the recombination of the h*/e™ pairs and the H*/O~

couples.

1527



0.9

TiO,@MWCNTs (L)

e
(o)}
1

Current (mA)

0.3 1

0.0 .
00 02 04 06 08 10
Potential (V)
=}
g o
E =
2 3
!
o S
150 -
~~ 52
% sNERE
= 100+ BB
=~ 4B
SRERE
0 s, T T “
6 8 10 12
Hours of a day

Figure 10: (a) Voltammograms of the TiO» and the TIO,@MWCNTs
electrode under dark (D) and light (L) conditions. (b) Dependence of
luminous intensity and Hp evolution on the time of the day; electrolyte:
3 M KOH.

Beilstein J. Nanotechnol. 2022, 13, 1520-1530.

Furthermore, excitons in the MWCNT structure can absorb
visible-light irradiation and accordingly produce a sub-
cathode current [8], which significantly improves the rate of
hydrogen evolution (Figure 10b). From 6:00 AM to 5:00 PM,
the average rate of hydrogen evolution generated from
the TiO,@MWCNTs electrode is 8.88 times higher than that
from the TiO, electrode. In particular, the feature increases
15 and 18 times at 7:00 AM and 4:00 PM, respectively, while
identical sunlight spectra are revealed in the morning and in
the afternoon [47]. The observation suggests that the photoac-
tivity of the photoelectrochemical water splitting catalyst
depends on photon energy and luminous emittance [9,46].
Furthermore, illumination higher than 100 klux solar allows the
photoelectrochemical electrode to generate H, at the highest

rates.

The STH conversion efficiency is the ratio between the hydro-
gen production rate and the solar energy input [10,11].
Assuming a mean illuminance of the solar irradiation of 88.9%
[48], the average STH conversion efficiency of the
TiO@MWCNTs electrode from 6 AM to 5 PM is 11.1%, as
shown in Table 2. The photoelectrochemical water splitting per-
formance of the TiO, @MWCNTSs photoanode is superior com-
pared to electrodes in previous studies [48].

Conclusion

A TiO,@MWCNTSs nanocomposite photocatalyst is successful-
ly synthesized via a simple hydrolysis method to fabricate the
photoanode for photoelectrochemical water splitting. The
TiO,@MWCNTSs nanocomposite with a bandgap of 2.5 eV
enables visible-light absorption of the electrode. Additionally,
the coupling of TiO, and MWCNTs hinders the recombination

Table 2: Photoelectrochemical water splitting performance of various TiOo-based catalysts.2

Photoanode Photocathode Light/source Applied STH conversion n/p electrolyte Ref. (year)

(Eg: eV) (Eg, V) potential, V efficiency, %

TiOo-SWCNTs SCE UV—vis/1I50 W 0 0.2 1 M KOH [12] (2007)
Xe lamp

TiO2 (3 eV) GaP (2.35eV)  UV-vis/450 W  0.96 0.25 0.2 N H2SO4 [49] (1976)
Xe lamp

TiO» Cu-Ti-ONT UV-vis/300 W 0.3 0.30 0.1 M KOH/0.1 M [50] (2008)
Xe lamp NaHPO4

TiO, np*Si UV-vis/Xe lamp 0.0 0.39 1.0 MKOH/1.0 M [51] (2015)

H2SO4

C doped TiOo NTs  RHE vis/150 W Xe 1.5 0.42 1.0 MKCI [52] (2019)

(2.75 eV) lamp

Ag/TiO2/CNTs Ag/AgCl UV-vis/20 1.0 4.4 0.5 M HxSO4 [63] (2016)

(2.8 eV) W-cm=2

TiO,@MWCNTSs Cu sunlight 1.0 11.1 3 M KOH this work

(2.5eV)

aNTs: nanotubes; SCE: saturated calomel electrode; RHE: reversible hydrogen electrode; CNTs: carbon nanotubes; SWCNTs: single-wall CNTs;

MWCNTSs: multi-wall CNTs.
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of photogenerated h*/e™ pairs and, thus, improves the hydrogen
evolution of the electrode. The average rate of hydrogen evolu-
tion of the TiO,@MWCNTs electrode is 8.88 times higher
than that of a TiO, electrode operating under sunlight illumi-
nance from 6 AM to 5 PM, demonstrating the superior
photoelectrochemical performance of the TiO,@MWCNTs
electrode for water splitting.
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Phenol and 2,6-dibromo-4-methylphenol (DBMP) were removed from aqueous solutions by ozonolysis and photocatalysis. The

properties and structural features of the catalysts and the organic compounds are discussed, as well as their influence on the degra-

dation reaction rates. The degradation efficiency in photocatalytic processes was higher for DBMP (98%) than for phenol (approxi-

mately 50%). This proves the high efficiency of magnetite in the photocatalytic degradation of halogenated aromatic pollutants. The

particularly high degradation efficiency regarding halogen-containing DBMP molecules and the yield of bromide ions indicate that

DBMP degradation follows a mixed reduction—oxidation mechanism. DBMP molecules interact with the magnetite surface,

enabling them to react with the available electrons, and, as a result, bromide ions can be released. The results confirm that magne-

tite is an effective photocatalyst in the degradation of halogenated aromatic pollutants.

Introduction

Water is one of the most important natural resources on Earth. It
helps to maintain environmental balance, but most of all, it is
essential for human life and health. Although water covers more
than 70% of our planet’s surface, only 2.5% is freshwater and

less than 1% is accessible [1,2]. In the context of water

consumption, there is an environmental indicator called the
water footprint, which represents the sum of direct water
consumption and virtual consumption (i.e., the amount of water
needed to produce food and other consumer goods) [3]. Water

consumption calculated in this way may amount to thousands of
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liters per person per year. Therefore, the use of water in a closed
circuit is a major technological challenge. It is essential to
design and develop new technologies for wastewater treatment

and water recovery.

Bromophenols (BPs) are widely used as flame retardants (bro-
minated flame retardants, BFRs), wood preservatives, and com-
ponents in the polymer industry [4,5]. Bromophenols from
various industries can cause severe contamination of soil, sedi-
ment, and water [6,7]. The United States Environmental Protec-
tion Agency (US EPA) has listed BPs as hazardous waste with
strict environmental regulations to them [8]. Consequently,
there is a growing need to develop processes for removing BPs
from wastewater. In recent decades, much attention has been
paid to advanced oxidation processes (AOPs) in the research
and development of wastewater treatment technologies [7,9].
Processes such as cavitation, ozonation, Fenton chemistry, and
photocatalysis have been successfully used to remove persis-
tent organic pollutants (POPs) or as a pre-treatment in conven-
tional or biological methods [10]. Ozonation is an AOP tech-
nique that has been widely used to remove organic compounds
such as drugs, pesticides, petroleum constituents, and volatile
organic compounds. Furthermore, the rate of ozonation is accel-
erated in alkaline media because hydroxide ions catalyze the de-
composition of ozone and produce hyperactive hydroxyl radi-
cals ("OH).

Photocatalysis is a promising technique for removing POPs
from water using solar radiation as an energy source [11]. The
photocatalysts are activated by radiation and produce highly
reactive photo-induced charge carriers, which can react with the
contaminants adsorbed on the surface of the catalyst. Under-
standing the properties of the photocatalyst material is critical to
designing an effective photocatalytic process. The factors that
influence photocatalytic efficiency include the photocatalyst
bandwidth, the recombination rate of photogenerated
electron-hole pairs, the use of solar energy, and problems with

catalyst degradation.

Magnetite is a common auxiliary mineral in igneous and
metamorphic rocks [12]. It is also found in sediments and
soils. Magnetite has the smallest energy gap, the highest
conductivity, and one of the lowest reduction potentials among
natural minerals. It is an important reducer of heavy metals
and organic pollutants in aquatic environments. Due to
the mixed and variable valency of iron in its structure
(Fe(III)¢e[Fe(ID),Fe(11)]5c(O4), this oxide has unique properties
[13,14]. At room temperature, magnetite is an inverse spinel
conductor with Fe3* on the tetrahedral sites and Fe2* and Fe3*
on the octahedral sites. Electron hopping along the octahedral

iron chain handles its conductivity and redox properties,

Beilstein J. Nanotechnol. 2022, 13, 1531-1540.

causing the magnetite to initialize oxidation/reduction reactions.
Fe;04 nanoparticles have been used as a photocatalyst for the
degradation of azo dyes [15], for wastewater treatment [16,17],

for water decomposition, and for Cr(VI) reduction [18].

The study investigated the degradation of aqueous solutions of
phenol (PhOH) and 2,6-dibromo-4-methylphenol (DBMP) via
two processes, namely photocatalysis and ozonolysis. Two
types of magnetite (M1 and M2) were used as catalysts in the
photocatalysis process. The same type of magnetite catalysts
has been investigated by us in our previous article [17] as
photocatalysts for the degradation of 4,4'-isopropylidenebis(2,6-
dibromophenol) in comparison with ozonolysis. Magnetite was
chosen as a photocatalyst because of its low cost, interesting
electron properties, and indisputably low environmental impact.
The progress of the reaction was monitored by measuring the
organic compound concentration. In order to determine the effi-
ciency of the photocatalytic process, the organic compounds
were also degradated through ozonolysis.

Results and Discussion

The selected catalysts were characterized by SEM, X-ray
diffraction, and ultraviolet—visible (UV-vis) analysis. The XRD
and UV-vis results were published in our previous article [17].
We present this data again in this article as it is necessary for
the discussion of the results. Zeta potential measurements were
also presented in another previous publication of ours [19]. The
absorption spectra of the catalysts showed noticeable differ-
ences (Figure 1b). Using the absorption spectra, the electron
gap energies for M1 and M2 were determined to be 0.11 V and
1.75 V, respectively (Table 1) [20].

Phase identification of the magnetite structure was performed
using a powder X-ray diffractometer (Figure 1a). The XRD
spectra revealed that the diffraction peaks at 20 = 30.2°, 35.3°,
43.7°,53.9°,57.1°, and 62.7° (Figure 1a) correspond to those of
Fe;04 (reference code COD 01-089-3854); they belong to a
cubic structure system corresponding to the facets (220), (311),
(400), (422), (511), and (440) of Fe3Oy, respectively [21]. The
absence of the (210) and (211) peaks confirms that the catalysts
were indeed magnetite. The mean size of the catalyst crystal-
lites (D) was calculated from the high-reflection X-ray diffrac-
tion profiles by measuring the full width at half maximum
(FWHM), using the Scherrer equation (Equation 1) [22,23]:

D- 0.89 ’
Bcos6

ey

where A is the X-ray wavelength in nanometers, B is the width
at half peak-height in radians, and 0 is the angle between the

incident and diffracted beams in angular degrees.
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Figure 1: X-ray diffraction measurements of M1 (red), M2 (blue) (a), and UV—vis absorption spectra of M1 (red) and M2 (blue) (b). Figure 1a and 1b
were adapted from [17] (© 2022 J. Kisafa et al., distributed under the terms of the Creative Commons Attribution 4.0 International License, https://

creativecommons.org/licenses/by/4.0).

Table 1: Catalyst parameters.

Oxide Size declared? [nm] Size measured® [nm] ac[A] xd Epg [eV]
M1 <5000 46 8.3845 0.4094 0.11
M2 <50 28 8.3595 0.1829 1.75

aGijze declared by the vendor; °XRD measurements; Clength of the edge of the magnetite unit cell; 9 = Fe2+/Fe3+,

Magnetite oxidation (determined as the parameter x = Fe2*/
Fe3*™) can range from 0.5 (stoichiometric magnetite
Fe(IIl)¢e[Fe(1I),Fe(Ill)]5c(O4) to O (completely oxidized;
maghemite, y-Fe,03) [24]. A magnetite with x values in the
range of 0 <x < 0.5 is defined as non-stoichiometric or partially
oxidized magnetite. Stoichiometric magnetite and maghemite
are significantly different. Magnetite is a conductor (bandgap of
0.1 eV), while maghemite is a semiconductor (bandgap of
approx. 2.0 eV) [12]. The unit cell parameter of magnetite is
slightly larger (ca. 8.40 A) than that of maghemite (ca. 8.34 A).
A combination of these properties is what characterizes non-
stoichiometric magnetite. The length of the edge of the magne-
tite unit cell is linearly related to the stoichiometry (for x = 0,
a = 8.3390 A; for x = 0.25, a = 8.3662 A; for x = 0.5,
a = 8.3942 A) [25]. Knowing the cell length from the XRD
measurements makes it possible to determine x for the catalysts
under study (Table 1). The determined x-values indicate that the
catalysts were non-stoichiometric magnetites. M1 with a larger
grain diameter is less oxidized while M2 is highly oxidized.
This is also reflected in the electron bandgap energy. These
values show that the tested catalysts were semiconductors rather
than conductors.

The morphology of the Fe;04 catalysts is shown in Figure 2.
The images show nanocrystal agglomerates with particle sizes
of 100-400 nm for M1 and of 25-100 nm for M2 (Figure 2).

The aggregation of M2 particles is much stronger than that of

M1. Hence, M2 forms a porous structure.

There is a disparity in the particle sizes measured with SEM and
XRD, because the particle sizes detected using these two tech-
niques are not in the same orientation, and the terms "particle
size" and "crystal size" refer to different concepts (a particle
may contain several or only one crystallite) [26]. The particle
size can be calculated from the XRD measurements using the
Scherrer equation (Equation 1). The sizes of the crystal struc-
tures are determined by analyzing the diffraction intensity of the
X-ray beams. The lines in a powder diffraction pattern have a
finite width, but the lines are wider than usual if the particles
are small (widening decreases as the particle size increases).
Line broadening is used to estimate the mean particle size, but
peak broadening may have many causes other than crystal size.
Widening of the diffraction peaks can result from both instru-
ment constraints and the sample (all types of crystal imperfec-
tions would lead to an additional widening of the XRD peak
due to microstrain, resulting in a lower apparent crystal size
value). This means that the Scherrer equation is an extremely
rough estimate of the minimal size of crystals whereas SEM
reveals the maximum size of the particles.

The catalytic activity of commercially available M1 and M2

was evaluated through the photocatalytic degradation of phenol
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Figure 2: SEM images of M1 (a), and M2 (b) catalysts.

and DBMP. The photocatalytic activity was compared with the
efficiency of ozonolysis. The photocatalytic efficiency is im-
proved by the adsorption of organic compounds onto the sur-
face of the catalyst. The sorption power depends largely on the
properties of the organic molecule in question, as well as on the
properties of the catalyst’s surface. The test reactions were
carried out in aqueous solution at pH 8 (due to the hydrolytic
stability of the catalysts). Under acidic conditions, magnetite
dissolves according to Equation 2:

FC304 + 2H+ —> F62+ + ’Y-Fezo3 + HzO 2)

At pH > 7, however, the effect of hydrolysis is expected to be
negligible [27]. The molar fractions of the ionic forms of
organic compounds present in the solution at pH 8 were calcu-

lated using the software CurTiPot [28] based on the published
pK, values for solutes (Figure 3). The resulting values were as
follows: DBMP (0.112); DBMP~ (0.888); PhOH (0.987); and
PhO™ (0.013).

The properties of the catalyst’s surface are essential in photocat-
alysis. Adsorption of organic compounds on the surface of the
catalyst is strongly affected by the surface charge. The point of
zero charge (PZC) is defined as the pH value at which the cata-
lyst exhibits a net zero surface charge. At pH values below the
PZC, the surface of the catalyst is protonated and has a positive
net surface charge. In turn, the net surface charge becomes

negative at pH values above the PZC.

As expected, the curves of the final pH as a function of the
initial pH of the catalysts in 0.1 mol-L™! NaCl show an intersec-
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Figure 3: Molar fractions of ionic species as functions of the pH value.
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tion with the line y = x, which corresponds to the PZC of the
sample (Figure 4). The measurement of the PZC exhibits a
higher pHpzc value for M1 (8.0) than for M2 (6.2) (Figure 4).
The differences in these pHpzc values may result from the oxi-
dation levels of M1 and M2, the latter having a positively
charged surface because it is more oxidized and the former
being negatively charged due to a lower oxidation level (see the
x value, in Table 1). As a result, at pH 8 the surfaces of these
two magnetite catalysts have opposite charges, which was
shown in the zeta potential measurements of the catalysts
(-0.37 mV and +14.4 mV for M1 and M2, respectively). These
findings are in line with those previously observed by Hou et al.
[29] on analogous samples.

14
12

10 |

pH final

0 2 4 6 8 10 12 14
pH initial

Figure 4: Determination of pHpz¢ for M1 (red) and M2 (blue).

It is believed that, at the catalyst—solution interface, the
phenoxy group binds specifically to surface sites (Equations 3
and 4):

= Fe(ILII)OH +S"" — =Fe(ILI)OH--S""  (3)

=Fe(ILII)O™ +S— =Fe(ILII)O™ ---S (4)

S — undissociated organic compound; S”” - dissociated organic

compound

This means that DBMP is more likely to interact with the cata-
lyst surface than PhOH. The distribution of species shows that
only approximately 0.013 molecules of phenol will react with
the protonated catalyst surface, while 0.888 molecules of
DBMP could interact with the catalyst surface by Coulombic
forces and a further 0.112 via hydrogen bonds.

The apparent degradation rate constant (kapp) Was determined
(for each degradation system) according to Equation 5,
assuming that the reactions occurring were of pseudo-first
order.

Beilstein J. Nanotechnol. 2022, 13, 1531-1540.

ln(ct/CO)z _kapp 4 (&)

where Cq and C; are the initial concentration and the concentra-
tion at time 7, respectively. The dependence of In(C,/Cy) on time
is represented by straight lines, as shown in Figure 5b,d. There-
fore, the degradation kinetics are consistent with the pseudo-
first-order kinetic model (R2 > 0.95). The results demonstrate
that the photocatalytic processes were very efficient and more
efficient than degradation by ozonolysis. The values of the deg-
radation rate constants and the half-lives are summarized in
Table 2. Significant differences in reactivity were observed for
phenol and DBMP. The dissociation constant (pK,) of DBMP is
approx. 7.21, hence, almost 90% of the DBMP was dissociated
at pH 8, while phenol was mainly (98%) undissociated
(Figure 3). The high amount of the ionic form results in rapid
direct photolysis. Direct photolysis of aqueous DBMP was
mainly initiated by photolytic cleavage of the bromine—carbon
bond and the formation of bromide ions. The half-lives of direct
photolysis for phenol and DBMP were 1732.9 and 22 min, re-
spectively. These results indicate that the bromine substituent
facilitated the direct photolysis of the phenols. The apparent rate
constant of DBMP degradation during direct photolysis and
through photocatalysis were, respectively, 31.5 x 1073 min~!
and 149 x 1073 min™! for M1 and 220 x 1073 min~! for M2. As
a result, approximately 50% and 98% of DBMP was degraded
via direct photolysis and photocatalysis, respectively (after
60 min). The efficiency of phenol photocatalysis was low
(ca. 40% for M1 and ca. 30% for M2, after 60 min). This may
be due to the lack of interaction between the catalysts’ surfaces
and phenol.

The hydroxyl radicals ("OH) generated during water ozonation
are described by the SBH model [30-32] for neutral pH or the
TFG model [33-35] for pH > 7. Considering the process condi-
tions during the study (pH 8), we are interested in the TFG
model. The rate constants used in the model were determined
by Chelkowska et al. [36]. The TFG model includes the
following reactions:

0;+0H™ —»HO, +0, ks =120M7's7! (6)

HO,  +0; >0,  +HO +0, k; =15 x 10°M's7! (7)
ks =1.6 x 10° M1 57! (8)

0, +03 > 037 +°0,

037 +H,0 > OH+OH +0, kg=15M"'s1 (9
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Table 2: Kinetic parameters of the reaction systems under study.

Reaction system Kapp [min=1] t1/2 [min]
PhOH/O3 73.6 x 103 15.4
PhOH/M1 11.0 x 1073 63.0
PhOH/M2 6.2 x 1073 111.8
PhOH/photolysis 4.0 x 1074 1732.9
DBMP/O3 446 x 1073 15.5
DBMP/M1 159.7 x 10-3 4.3
DBMP/M2 239.7 x 1073 2.9
DBMP/photolysis 31.5x 1073 22.0

The reaction in Equation 6 shows that the ozone decomposition
process is initiated by hydroxy anions. Two-electron transfer of
the oxygen atom produces the “OOH anion, which is necessary
for the generation of hydroxyl radicals. The low value of the
reaction rate constant (Equation 6) indicates that it is a limiting
process of the phenol ozonolysis, hence the observed delay in
the rate of phenol degradation in ozonolysis in Figure 5a,b.
Because the reaction in Equation 6 is slow, the reaction condi-
tions are not stationary at the initial stage of the ozonolysis

process. After reaching static conditions (about 6 min from the

R? Kapp [Min~"] R?
bromide formation
0.97 — —
0.99 — —
0.97 — —
0.99 — —
0.99 197.3 x 1073 0.83
0.98 354.2 x 103 0.99
0.99 409.7 x 103 0.91
0.96 50.7 x 10-3 0.99

start of gas purging), the process proceeds according to the
pseudo-first-order kinetic model. The determination of the
apparent rate constant of phenol ozonolysis after obtaining
steady-state process conditions is shown in the insert in

Figure 5b.

The degradation of phenol at pH 8 in both ozonolysis and pho-
tocatalysis is oxidative (reaction with hydroxyl, superoxide, and
hydroperoxide radicals). When comparing the apparent

degradation rate constants (kypp) of phenol for ozonolysis
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(73.6 x 1073 min™!) and for photocatalysis (11 X 1073 min~! for
MI and 6.2 x 1073 min~! for M2), a higher kapp value can be
observed for ozonolysis.

As shown in Figure 6, bromide ions were released from the
benzene ring by the ozonation reaction. The bromide ion con-
centration increased with an increasing level of degradation of
DBMP, which suggests that degradation generates brominated
intermediates that are subsequently decomposed to release
bromine atoms. The normalized concentration of bromide ions
(with DBMP degradation efficiency close to 95%; Figure 7) is
about 0.9 (where 1 is the theoretical complete release of bro-
mide; Figure 6). However, a normalized bromide ion concentra-
tion smaller than 0.5 for ozonolysis may denote the production
of brominated organic by-products. Release yields of bromine
in the form of bromide ions as high as 90% showed eventual
mineralization. The half-live of DBMP in photocatalytic pro-
cesses was 4.6 min (M1) or 3.2 min (M2); for ozonolysis, it was
15.5 min, suggesting a faster degradation of DMBP in photocat-

alytic processes than in ozonolysis. The apparent rate constants

1
09
08
07
06
05 o
04
03
02
01 | xB0

0 Ax° . . .

normalised concentration
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of bromide generation for all processes in the study are summa-
rized in Table 2. The results are consistent with those for
degradation. The degradation activity of DBMP was in the
order of M2 > M1 > O3 > photolysis, and the same order was
observed for the generation of bromide anions (Figure S2, Sup-
porting Information File 1). The higher yields of bromides
in the case of photocatalysis revealed the contribution
of the reduction process to the photocatalytic degradation of
DBMP.

Figure 7 shows the degradation efficiency regarding phenol and
DBMP. Phenol degradation reached approx. 65% after 60 min
of ozonation whereas the degradation of DBMP was 95%. This
is related to the ionic forms of these compounds under the given
reaction conditions (89% of DBMP was dissociated vs only
13% of phenol). The presence of hydroxyl radicals in the solu-
tion and a higher reactivity of phenoxide ions compared to that
of undissociated forms contributed to a higher degradation effi-
ciency of DBMP in ozonolysis. DBMP is easier to oxidize than

phenol. This is also because of the substitution of two hydrogen

0 10 20 30

40 50 60 70

time

Figure 6: Bromide ion production as a function of the time (circles — M1, crosses — M2, triangles — ozonation, squares — photolysis).
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-
8 3 8 8

N
o
T

Figure 7: Substrate removal efficiency of PhOH/O3 (dark blue), PhOH/M1 (red), PhOH/M2 (orange), PhOH/photolysis (black), DBMP/O3 (violet),

DBMP/M1 (green), DBMP/M2 (light blue), and DBMP/photolysis (pink).
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atoms by two electron donors (-Br) in the DBMP molecule,
which activates the aromatic ring. The degradation efficiency in
photocatalysis was higher for DBMP than for phenol, reaching
98%.

Excitation of the catalyst with energies higher than the bandgap
energy generates holes and electrons, which, after moving to the
catalyst surface, may participate in redox processes. In a basic
medium, the photocatalytic process may proceed by oxygen
reduction at the surface of the particles (electron transfer
only) [37]. A similar electron transfer can occur during the
adsorption of organic compounds on magnetite. In the presence
of adsorbed aryl halogenated compounds on the catalyst sur-
face, the accumulated electrons are available to activate
carbon-halogen bonds via dissociative electron transfer [38,39].
The electron from the catalyst conduction band is injected into
the unoccupied orbital of halogenated aromatics, resulting in the
breaking of carbon-halogen bonds.

For the Fe2* and Fe3* ions on the octahedral sites, electron
transfer between these ions is feasible without substantial
excess energy [40]. Therefore, electrons could be transferred
with very low activation energy among iron ions on the octahe-
dral sites. As we showed above, DBMP interacts with the mag-
netite surface, thus, it can react with the generated electrons.
The following reaction path for DBMP degradation is proposed
to explain our observations (a detailed description of DBMP
reactions can be found in Figure S3, Supporting Information
File 1):

Fe304 +hv —> Fe304 (l’l+ + ei)
Fe304(h+)+H20 > Fe;0, + OH+H"
Fe304 (A" |+ ~OH - Fe;0, + OH
H"+¢” > H
2H - H,

Oy, +e -0,

DBMP™ +¢~ — DBMP ™ +Br~

DBMP™ + 'H —[DBMP] " +HBr

DBMP™ + 'H —> [DBMPH]"
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DBMP™ + 'OH — [ DBMPOH]"
DBMP™ + OH —[DBMPOH] + Br
0, +DBMP™ —[DBMPO, |~
0,” + DBMP™ — [DBMPO, |*

The results demonstrate the effectiveness of magnetite in the
photocatalytic degradation of halogenated aromatic pollutants.

Conclusion

In the present study, two types of magnetite (M1 and M2) were
investigated as possible photocatalysts. The morphology,
optical properties, and structural properties of the M1
and M2 samples were investigated. The stoichiometry
of magnetite noticeably impacted the optical and surface prop-
erties.

Direct photolysis indicated that the bromine substituent facili-
tated the degradation of phenols. In the ozonation process, the
degradation of phenol reached approximately 65% after 60 min,
while the degradation of the DBMP reached 95% after the same
time. The kinetic results showed that photocatalytic processes
were more effective than DBMP degradation by ozonolysis.
Phenol degradation occurs mainly via oxidation, as indicated by
comparable rate constants for all the degradation processes
studied. In the case of photocatalysis, the degradation rate in-
creases with increasing values of the catalyst’s zeta potential.
This indicates that the apparent rate constant values are influ-
enced by the interaction between the DBMP molecule and the
magnetite surface. When bonded to the catalyst’s surface, mole-
cules can react with the electrons being generated. Therefore,
we postulate a mixed reductive—oxidative mechanism of DBMP
degradation on magnetite.

In conclusion, magnetite can be an efficient and low-cost mate-
rial suitable for removing halogenated aryl compounds from

aqueous solutions.

Experimental

Materials

The 2,6-dibromo-4-methylphenol (97%) was purchased from
Alfa Aesar, phenol (>99%) was obtained from Riedel-de-Haen.
The magnetite samples were obtained from Sigma-Aldrich:
Fe3;04 micro-powder (M1, particle size under 5 pum,
d = 4.8-5.1 g-cm™3, 95% purity estimated from trace metal
analysis); Fe3O,4 nano-powder (M2, particle size under 50 nm,
d=3.9 g.em™3, >98% purity estimated from trace metal analy-
sis). All chemicals were of analytical grade and were used with-

out prior purification.
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Characterization of the photocatalysts

The PZC of catalysts was measured according to Kocharova
and co-workers [41]. For the determination of pHpyc, eleven
vials were filled with 0.1 mol-L™! NaCl solution. The pH of
each vial was adjusted with NaOH and HCI solutions to pH
2-12. Next, 10 mg of catalyst was dispersed in each vial. The
solution was constantly agitated at 240 rpm for 3 h at ambient
temperature to reach equilibrium. The equilibrium pH value
was measured with a multimeter (CPC 411, Elmetron, Poland)
and the values were plotted against the initial pH values for
both series. The PZC value was then obtained from the point at
which the curve showing final pH vs initial pH intersected the
y =x line on the graph. The morphology of the catalysts was ob-
served with a field-emission scanning electron microscope
(Zeiss Ultra 55, Oberkochen, Germany). The crystalline phases
were analyzed with a Cu Ka powder diffractometer (D8
Advance, Bruker, Ettlingen, Germany) operating at 40 kV and
36 mA (A = 0.154056 nm). The optical characterization of the
catalysts was performed by using a spectrophotometer (Cary
Series UV-Vis-NIR, Agilent Technologies) in the wavelength
range of 190-800 nm.

Photocatalytic degradation of phenols

The photocatalytic activity of M1 and M2 was evaluated by the
photocatalytic degradation of PhOH and DBMP. First, 750 cm?
(1.064 x 1073 mol-L™!) of aqueous phenol solution was placed
into the reactor. The pH of the solution was adjusted to 8 + 0.1
with 0.1 mol-L™! NaOH. Then, 0.67 g-L~! of the catalyst
powder was dispersed in the phenol solution. The resulting
suspension was stirred for 30 min in the dark (until adsorption/
desorption equilibrium was reached). Photocatalytic degrada-
tion was carried out using a glass photoreactor (Heraeus LRS2,
Hanau, Germany) in air. The irradiation was performed with a
TQ150 excimer lamp (150 W, with forced water cooling to
25 °C, 47 W light energy flux of power density 4.7 mW-cm™2
measured by a Peak Tech digital lux meter) immersed in the
continuously stirred reaction suspension. The photocatalytic
reaction was performed for 60 min. During the reaction, 2 mL
samples were collected from the reactor at regular time inter-
vals (from the first to the tenth minute, every 2 min, then every
10 min up to 1 h), then filtered through a 0.22 um syringe filter.
The organic compound concentrations were evaluated by using
HPLC.

Ozonolysis of phenols

For the ozonolysis experiment , the aqueous phenol solution
(1.064 x 1073 mol-L™!, 750 cm?, pH 8 * 0.1, adjusted with
0.1 mol-L~! NaOH) was continuously purged with gas (ozone
solution in air). The ozonolysis reaction was performed using an
ozone generator (Viaken Vairo-2186, Krakow, Poland). The

ozone concentration in the gas stream was determined by the

Beilstein J. Nanotechnol. 2022, 13, 1531-1540.

iodometric method [42] to be 12.73 mg-L™"-h™!. The ozonoly-
sis reaction was performed for 60 min, during which samples
were collected from the reactor at regular time intervals (from
the first to the tenth minute, every 3 min, then every 10 min up
to 1h). The organic compound concentrations were evaluated by
using HPLC.

Analysis

Changes in phenol concentration were determined by a high-
performance liquid chromatography system (Shimadzu, Japan)
equipped with a UV detector (SPD-10AV) and a C18 column
(Knauer 250 X 4.6 mm, Eurospher II 100-5 C18 H, with
precolumn). The analysis conditions were as follows: mobile
phase: 70% acetonitrile and 30% water; flow rate:
1.0 cm3min~1; injection volume: 20 x 1073 cm3; absorbance
detection: 270 and 310 nm for PhOH and DBMP, respectively.
External standards of seven concentration levels ranging from
1x10™%to 1 x 1072 mol-L™! were used to quantify PhOH and
DBMP.

The concentration of dissolved bromide ions was determined
potentiometrically with a bromide ion-selective electrode (EBr-
01, Hydromet, Poland) with a silver chloride electrode (RL-100,
Hydromet, Poland) as a reference electrode and a multimeter
(CPC 411, Elmetron, Poland). External standards of seven con-
centration levels ranging from 1 x 107 to 1 x 1073 mol-L™!

were used to quantify bromide ions.

Supporting Information

Figure S1: Kubelka—Munk plots of M1 (red) and M2
(blue); Figure S2: Establishing the apparent rate constant
for bromide generation; Figure S3: DBMP reactions with

reactive species generated during photocatalysis.

Supporting Information File 1

Supplementary information.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-13-126-S1.pdf]
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TiO, nanotube arrays (TNAs) have been studied for photoelectrochemical (PEC) water splitting. However, there are two major

barriers of TNAs, including a low photo-response and the fast charge carrier recombination in TNAs, leading to poor photocatalyt-
ic efficiency. Through a comparison of MoS,/TNAs and g-C3Ny/TNAs, it was found that TNAs modified with MoS, and g-C3Ny4
exhibited a current density of, respectively, 210.6 and 139.6 pA-cm™2 at an overpotential of 1.23 V vs RHE, which is 18.2 and

12 times higher than that of pure TNAs under the same conditions. The stability of the MoS,/TNAs heterojunction is higher than

that of g-C3Ny4/TNAs.

Introduction

Hydrogen energy has become a target pursued in the energy de-
velopment strategies of many countries and regions. Hydrogen
is often synthesized via hydrocarbon compounds or water elec-
trolysis [1]. Methods to produce hydrogen via electrochemical
or photo-electrochemical (PEC) water splitting are considered a
future direction of renewable fuel development [2-4]. The use
of solar energy to activate catalytic materials to separate water
for creating clean fuels has been developed for about a decade

[5,6]. Water splitting is carried out in solutions rich in H" ions

to the conduct hydrogen evolution reaction (HER) process or in
rich OH™ solutions for the oxygen evolution reaction (OER)
process [7-9]. However, the electrode material must be
extremely durable and nearly chemically inert to be able to
withstand highly acidic or basic environments. Therefore, noble
metals such as Pt, Pd, Au and Ag with suitable chemical proper-
ties, such as inertness, good resistance against corrosion and
good electrical conductivity have been widely used in water

splitting reactions [10,11]. However, noble metals are still rare
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and expensive materials, and their application as electrode ma-
terials is considered to be not optimal [10]. Therefore, the study
of a materials with high-performance in PEC water splitting,

which could replace noble metals are a research interest.

Photocatalytic technology uses semiconductors for effective ap-
proaches to the degradation of dyes and antibiotics, the removal
of pollutant gases, and water splitting to produce hydrogen
using solar energy [12-17]. Among such semiconductors, TiO,
nanotube arrays (TNAs) of 2-100 nm in diameter and 1-2 pm
in length, are often used for efficient PEC applications
exploiting advantages such as chemical stability, less toxicity
and suitable cost [18-21]. However, there are two disadvan-
tages affecting directly their photocatalytic ability. (i) TNAs
only respond to ultraviolet (UV) light [22-24], and (ii) they ex-
hibit fast carrier recombination [25]. Recently, the development
of new heterojunction architectures through coupling TNAs
with other semiconductor materials, especially low-bandgap
semiconductors, led to a reduction of the required amounts of
noble metals and materials such as CdS or ZnS [26-29]. There
are many low-bandgap semiconductors that were coupled with
TNAs, including MoS;, WS,, MoSe;, g-C3N4, Cu,0, and CuO.
MoS; is a semiconductor with a narrow bandgap (1.9 eV at
room temperature) exhibiting unique chemical, thermal, and
charge transport properties, which can shift the light absorption
of TiO; to the visible region [29-32]. An emerging new materi-
al in optoelectronics is g-C3Ny4 (bandgap of 2.65-2.7 eV)
because it has an appropriate band structure with suitable
energy levels regarding TiO,, which can improve the charge
transfer states [33,34]. These two low-bandgap semiconductors
improved considerably the PEC water splitting efficiency
[35,36]. However, the fabrication of MoS,/TNAs and g-C3Ny/
TNAs has many disadvantages such as high synthesis tempera-
tures, the requirement of a binder, or expensive synthesis equip-
ment [29,36-38].

In this study, we compare properties and PEC water splitting
efficiency of TNAs combined with the typical 2D materials
MoS,; and g-C3Ny4 obtained with the same synthesis procedure.
Insightful studies about optical and electronic properties have
been conducted to explain clearly the difference between these
composite materials

Experimental

Materials and chemicals

Chemicals and materials for the synthesis and characterization
include Ti foil (1 cm x 2 cm), hydrochloric acid (HCl), sodium
hydroxide (NaOH), DI water, acetone ((CH3),CO), ethanol
(C,H50H), ammonium fluoride (NH4F), N-acetyl-L-cysteine,
ammonium heptamolybdate ((NH4)¢Mo0701,4), thiourea

(CH4N;S), nitrogen gas, melamine, and nafion solution. All

Beilstein J. Nanotechnol. 2022, 13, 1541-1550.

chemicals and materials were purified and used without further
treatment.

Preparation of materials

The individual materials including TNAs, MoS,, and g-C3Ny
were synthesized as described earlier [39-41]. To combine with
TNAs, 5 mg of MoS; or g-C3N4 powder was dispersed in 2 mL
of a solution containing 50 vol % ethanol and 50 vol % nafion
solution as described in [40]. The solution was stirred for
30 min before ultrasonic treatment for 3 h to obtain a homoge-
neous solution. Next, 0.2 mL of either of these solutions was
used to coat the surface of TNAs via spin coating. The samples
were denoted as MoS,/TNAs and g-C3Ny/TNAs. Then, the
samples were annealed in nitrogen gas at 60 °C for 12 h to

obtain a stable electrode for the investigation processes.

Characterization of materials

The morphology, the phase, and the vibrational characteristics
of the surface functional groups of the materials were observed
by field-emission scanning electron microscopy (FESEM),
X-ray diffraction (XRD), and Fourier-transform infrared spec-
troscopy (FTIR). Diffuse reflectance spectroscopy (DRS) was
carried out to measure the optical bandgap of the semiconduc-
tor materials through the Tauc method using the absorption
coefficient a of the material, according to Equation 1 [42]:

(ochv)% :B(hv—Eg), )

where &, v, Eg, and B are the Planck constant, the frequency of
the photon, the bandgap energy, and a constant, respectively;
y = 1/2 for materials with direct bandgap and y = 2 for semicon-

ductor materials with an indirect bandgap.

PEC activity evaluation

The PEC water splitting efficiency of the materials was evalu-
ated through a three-electrode PEC cell using a Biologic SP-200
potentiostat. The three electrodes were a Pt counter electrode, a
Ag/AgCl 3 M reference electrode, and a MoS;,/TNAs or
g-C3Ny4/TNAs working electrode in a 1 M Na,SOy4 (pH 7.4)
electrolyte solution. The light source used in this study was a
150 W Xe lamp (ABET Instruments) with a calibrated lumi-
nous intensity of 100 mW-cm™2 and a UV filter cutting at
380 nm.

Results and Discussion

Characterizations of materials

Figure 1a displays the morphology of TNAs, which have a
uniform distribution of nanotubes with average diameters
ranging from 80-100 nm and a length of 500 nm (Figure 1b).
The MoS, material exhibits the stacked layers of 2D materials
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Figure 1: SEM images of TNAs (a, b), MoS; (c), and g-C3Ny4 (d).

(Figure 1b). This agrees with the results of previous publica-
tions in which hydrothermal methods were applied [24-26]. The
SEM image of the g-C3N,4 material shows the uniform nano-
sheets that were fabricated by the melamine pyrolysis method
(Figure 1c).

Figure 2: SEM images of MoS,/TNAs (a), and g-C3N4/TNAs (b).

Beilstein J. Nanotechnol. 2022, 13, 1541-1550.

After the deposition of 2D materials MoS, and g-C3N, onto the
TNAs substrate, we examined the morphology of these hetero-
structures by using SEM (Figure 2). There are some small
pieces that are randomly distributed on the surface of TNAs in
Figure 2a, which were attributed to be MoS,. There is a similar
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result in the SEM image of g-C3N4/TNAs in Figure 2b. Howev-
er, the distribution of g-C3Ny4 on the surface of the TNAs is
denser than that of MoS,. Besides, the morphology of the TNAs
did not change. The appearance of MoS, and g-C3N4 has also
been confirmed by EDS measurements and element mapping
(Figure S1 and Figure S2, Supporting Information File 1).

Figure 3a shows that diffraction peaks of TNAs at 26 = 25.45°,
37.07°, 39.24°, 54.10°, and 55.25°, attributed to the (101),
(103), (004), (112), (105), and (211) planes of TiO,, respective-
ly [JCPDS No. 21-1272]. Besides, the XRD pattern of MoS,;
exhibits diffraction peaks at 13.97°, 33.56°, 40.24°, and 59.25°,
corresponding to the (002), (100), (103), and (110) planes, re-
spectively, of the 2H phase of MoS, [JCPDS No. 37-1492]. The
pristine g-C3Ny4 shows two distinct characteristic peaks at
20 = 12.9° and 27.45°, assigned to the (100) and (002) planes,
respectively [43,44]. The XRD diffraction results show the si-
multaneous appearance of diffraction peaks at 26 = 25.45°,
typical for the (101) planes of TNAs, and at 33.56° for the (001)
planes of MoS,. Besides, the diffraction peak at 20 = 16.45°
characterizes the semi-crystalline structure of perfluorocarbon
chains from nafion films [45]. Notably, the diffraction peak of
the MoS, material at 20 = 13.97°, which is typical for the (002)
lattice plane, is lost after the formation of the MoS,/TNAs
heterostructure. This could be explained by the very small
amount of MoS, (5 mg) loaded onto the TNAs. Therefore, it
will be difficult to identify the MoS, phase in the composite

(@)

(101)002)
% g-C3N4/TNAS
L (101) osorntht st
(100)
>
S (002)
P
‘© | (100) 9-CsN,
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Figure 3: XRD pattern (a) and FTIR spectra (b) of as-synthesized samples.
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from the XRD pattern of MoS,/TNAs. The (002) plane indi-
cates the multilayer structure of MoS; materials, the (001) plane
indicates a monolayer structure of MoS; [37,46]. Therefore, the
disappearing (002) reflection and the remaining (001) reflec-
tion show that the ultrasonic treatment peeled the MoS; materi-
al into thinner layered structures. This is in agreement with the
SEM images, in which material with rather small and thinner

structures scattered on the surface of TNAs was observed.

The functional groups and chemical bonds of the as-prepared
materials were determined by using FTIR spectroscopy, as
shown in Figure 3b. The formation of TiO, on the Ti foil is in-
dicated by the vibrations of the Ti—O bond in the wavenumber
region from 450 to 750 cm™! [47]. The bonding characteristics
in the MoS; material are presented by Mo-S vibration peaks be-
tween 1620 and 420 cm™! [48]. Also, FTIR spectroscopy is
used as an extremely effective technique for studying the vibra-
tional states of organic bonds in g-C3Ny materials using the
vibrational peaks of C—N bonds between 1640 and 1200 cm™!.
A very strong absorption peak at 807.2 cm™! characterizes the
fluctuation of tri-s-triazine of g-C3N,. Vibrational peaks in the
3200 cm™! region attributed to fluctuations of the C—N group
also appeared [49]. Figure 3b shows the bonding states in the
MoS;,/TNAs and g-C3N4/TNAs heterostructures. The results
show that, in addition to the typical bonding of the TNAs sub-
strate such as Ti—O bonds, there are vibrations of composites of
TNAs with MoS; (between 420 and 1620 cm™!) and g-C3Ny
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(between 1200 and 1640 cm™! for C—N bonds and 807 cm™! for
tri-s-triazine subunit). The peaks in the wavenumber range be-
tween 3400 and 1625 cm™! of all samples are typical for
stretching vibrations of the O-H bonds, which are caused by air
humidity.

To confirm the ability of the heterojunctions to enhance absorp-
tion in the visible-light region, the DRS spectra and Tauc plots
were recorded and are presented in Figure 4. It can be easily ob-
served in Figure 4a that the TNAs show a strong absorption
edge at 393 nm. This means that TNAs are only activated by
near-UV irradiation. In contrast, the g-C3Ny sample shows an
absorption edge at 464 nm. Meanwhile, MoS, exhibits strong
absorption from the UV region extending to the entire visible-
light region. It can be seen that the loading of both MoS, and
g-C3Ny4 on the TNAs surface extended the absorption to the
visible-light range. Specifically, the absorption edge of the
g-C3N4/TNAs and MoS,/TNAs samples shifted to 442 and
425 nm, respectively. Besides, a remarkable feature of the DRS
spectrum of MoS, is a superior absorption ability in the whole
visible-light range in comparison to that of the remaining sam-
ples. To evaluate the optical bandgap energy of TNAs and
g-C3Ny, Tauc plots were extrapolated in Figure 4b. The
bandgap values of TNAs, g-C3Ny, and MoS, were calculated as
about 3.15, 2.67, and 1.47 eV, respectively. These results are

agreement with previous publications [50-52].

Figure 5 shows the results of electrochemical impedance spec-
troscopy (ELS), that is, Nyquist and Mott—Schottky plots of the
materials, which give information about the charge transfer
mechanism at the interface. In Figure 5a, the Nyquist plots of
the samples all exhibit only single semicircular shape, which

shows the charge transfer resistance equivalent to the polariza-

Beilstein J. Nanotechnol. 2022, 13, 1541-1550.

tion resistance. This result also demonstrates a unique interac-
tion of the electrode surface and the electrolyte solution.
Furthermore, the g-C3N,4 sample shows the semicircle with the
largest radius, followed by TNAs and MoS,, which indicates
the low interaction of these materials with the electrolyte. How-
ever, after coupling, the g-C3Ny4/TNAs sample shows a semi-
circle with smaller radius compared than that of g-C3N4 or
TNAs. The Nyquist plot of the MoS,/TNAs sample shows the
smallest semicircle radius of all samples. This result indicates
an increase in carrier density during the reaction with the elec-
trolyte solution, leading to a decrease in resistance of the
g-C3N4/TNAs and MoS,/TNAs samples. This could be ex-
plained by the enhanced optical interaction, causing an increase
of the carrier concentration in MoS,/TNAs sample such in

Figure 4.

The mechanism for the enhanced activity of the heterojunctions
can be explained by the Mott—Schottky results in Figure 5b,c.
Generally, all samples show positive slopes, which proves that
they are n-type semiconductors [53]. Equation 2 shows the
Mott—Schottky relationship involving the apparent capacitance

as a function of the potential under depletion conditions [54]:

T o]

= 2
essONdA2 e @

where C, €, €9, N, A, V,, Vi, k, and T are the capacitance of the
space charge region, the dielectric constant of the semiconduc-
tor, the vacuum permittivity, the donor density, the area of
interface or the electrode, the applied and flat band potentials,

the Boltzmann constant, and the temperature, respectively.
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Figure 4: Comparison of the optical properties of as-synthesized materials through DRS spectra (a) and Tauc plots (b).

1545



Beilstein J. Nanotechnol. 2022, 13, 1541-1550.

(b)

40 0.04
L
—~ ° g_ 34 S ° é\ ° MOSZ 00
E 301e gCN, £ * g-C;N ’
S o MoS, ° 3 S
N 7/
mo 2049 TNAs ° ¢ n|;.L 0.024 4? R
~— ° o o 000’
~ ’ o
:-/ -} 000 P 6/0 B 00?
- K )
N 10- ?d'°°°°:o° ° g et /y@"
0099° 038 ¢ o 0.14
3/ v‘6 0.032 Dgo°°°°°°°
9" o/ 0400
0 . . . 0.00 R33wRa"2 09972 : .
0 10 20 30 40 05 00 05 10 15 20
Z' (10° ohm) Potential (V vs RHE)
(c)
0.006
o
~ 00051 o MoS,/TNAs ga0°
j 2
S 0.0041 o
o g
% 0.003 s
&Jo.ooz- -0.14 ® -0.045
= od 000000000
0.001 P 02
o? 500
0.000 hanf2e®™" : :
05 00 05 10 15 20

Potential (V vs RHE)

Figure 5: EIS spectra (a), Mott—Schottky plots of pristine materials (b) and heterostructures (c).

The plot of 1/C2 vs V shows an intercept of the x-axis, which
corresponds to the flat band potential (Ey,), that is, the conduc-
tion band maximum (CBM) level of the material. The
Mott—Schottky plots of TNAs, g-C3Ny4, and MoS; samples yield
Eg, (or CBM) values of 0.14, —0.38, and —0.032 V vs RHE, re-
spectively. It can be found that the Eg, values of g-C3Ny and
MoS, are significantly more negative than that of TNAs, which
can facilitate the migration of electrons from g-C3N4 and MoS,;
to TNAs. Furthermore, the Ey, values of g-C3Ny/TNAs and
MoS,/TNAs are shifted to —0.14 and —0.045 V vs RHE
(Figure 5c). The heterostructures express much more negative
Ey, values than pristine TNAs, which is attributed to the en-
hanced electron density, the depletion of the Eg,, and
electron—-hole recombination [55].

PEC characterizations of materials
Figure 6 shows the linear sweep voltammetry (LSV) curves,

Tafel slopes, and the photo-response of the samples. Figure 6a

shows that the current density of all materials is grows linearly
with the applied potential under visible-light excitation. The
onset potentials of the of TNAs, g-C3Ny4, and MoS, are 0.08,
0.16, and 0.14 V vs RHE, respectively. Further, for the OER
(1.23 V vs RHE), the current densities of TNAs, g-C3Ny, and
MoS, are 11.5, 4.2, and 31.2 pA/cm?, respectively. The onset
potential values of g-C3N4/TNAs and MoS,/TNAs are signifi-
cantly shifted to —0.76 and 0.008 V, respectively. In addition,
the current density also exhibited an improvement with values
of 139.6 and 210.6 uA/cm? at 1.23 V for g-C3N4/TNAs and
MoS,/TNAs, respectively, which shows their superiority in the
PEC water oxidation reaction. The LSV results are also consis-
tent with the previous results from EIS analysis and the
Mott—Schottky results (Figure 5). The PEC activity of MoS;/
TNAs in this study is higher than that of MoS,/TNAs synthe-
sized by using a PVA binder agent in [36]. However, the direct
combination of g-C3N4 with TNAs at a relatively high fabrica-
tion temperature (500 °C for 2 h) in [35] yielded better results
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Figure 6: LSV plots (a), Tafel slopes (b), and photo-response (c) of the materials.

better than those of this study. The investigation of the stability
of the PEC electrodes from MoS,/TNAs and g-C3Ny4/TNAs is
described in Figure S3, Supporting Information File 1. After
every PEC test cycle, we immersed the PEC electrode in DI
water for 1 h and let it dry completely before the next test. We
can conclude that the stability of the MoS,/TNAs heterojunc-
tion is higher than that of the g-C3N4/TNAs heterojunction. The
decrease in catalytic activity of the PEC electrodes is explained
by the leaching of the catalysts MoS; and g-C3Ny after each ac-

tivity measurement.

The Tafel slope is considered as an important parameter to eval-
uate the PEC activity in water splitting. A smaller Tafel slope
value indicates a more rapid increase in the reaction rate of the
electrode. Figure 6b shows the high Tafel slope values of the
individual materials, TNAs, g-C3Ny, and MoS,, of 226, 767,
and 154 mV/dec, respectively. After the modification, the Tafel

slope value of g-C3N4/TNAs is only about 137 mV/dec, while
the best Tafel slope value of MoS,/TNAs is only 113 mV/dec.
Furthermore, the photocurrent of the materials was evaluated
through the assessment of the photo-response under visible-
light irradiation at 0.63 V in Figure 6¢. A current density of
about 38.6 pA/cm? was obtained with the g-C3N4/TNAs even
after five cycles, which is nearly ten times higher than that of
pure TNAs. The current density of MoS;/TNAs is even higher
than that of g-C3N4/TNAs reaching 43.4 uA/cm? after five
cycles. These results indicate that enhancement of the optical
interaction in MoS,/TNAs heterostructures is stronger than that
in g-C3Ny/TNAs [56,57]. Further, the current density increases
sharply and decreases rapidly within a few seconds for MoS,/
TNAs under light, which can be explained as follows: The
photocurrent density of MoS;/TNAs promptly increased
because of the efficient separation of the e ~h* pairs at the
interfaces between TNAs and MoS; [58] and the rapid transfer
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of the photo-induced electrons from MoS, to the TNAs elec-
trode [59]. This result is in agreement with the EIS results in
Figure 5a, where the arc radius of the Nyquist plot of MoS,/
TNAs was the smallest, indicating that MoS,/TNAs effectively
decreased the resistance of the TNAs and, thus, speeded up the
charge transfer on the photoelectrode. These arguments are
consistent with results previously published in [58].

Figure 7 presents the energy band diagram structure of the
MoS,/TNAs and g-C3N4/TNAs heterojunctions based on the
DRS and Mott-Schottky analysis results, which are summa-
rized in Table 1.

Table 1: The CBM and Eg values of the materials.

Sample CBM level (V vs RHE, pH 7.3) Eq4 (eV)
TNAs 0.14 2.99
MoS» -0.032 1.47
g-C3Ng -0.38 2.63

It is easily observed from Figure 7 that the heterostructures
formed upon incorporation of TNAs with MoS, and g-C3N, are
all of type II. Type-II heterostructures promote the migration of
h* and e~ under visible-light irradiation. Electrons can move
from the conduction band (CB) of MoS, or g-C3Ny4 to the CB of
TNAs in MoS,/TNAs or g-C3Ny/TNAs, respectively. In
contrast, holes will migrate from the valence band (VB) of
TNAs to the VB of MoS; or g-C3Ny. Therefore, the recombina-
tion of the photo-generated e —h* pairs is reduced. In this
contribution, the PEC water splitting reactions take place in a
neutral media, which is well known to occur via two processes,
including the oxidation and reduction reactions at, respectively,
the anode and cathode described by Equation 3 and Equation 4.

Potential (V, pH 7.3)

20H-

Ti foil

Figure 7: Proposed band diagram of MoSy/TNAs (a) and g-C3N4/TNAs (b).

Beilstein J. Nanotechnol. 2022, 13, 1541-1550.

Oxidation reaction at the anode:

20H™ +2hyp —2H" +0, +2¢". 3)
Reduction reaction at the cathode:
2H" +2¢” > H,. )

Carrying out the reactions in a neutral medium also contributes
to the increased durability of the electrodes. However, the lack
of initial H* concentration can reduce the efficiency of the H,
production. For an effective water splitting process, the oxida-
tion reaction of OH™ ions in the electrolyte needs to take place
at the anode to generate e~ and H* ions along with O,. The e~
current will immediately migrate to the cathode to perform
reduction reactions. At that time, H* will also be reduced at the
cathode to form H,. The higher the efficiency of the oxidation
reaction, the more e~ are generated and the stronger the H*
reduction reaction will be. Preventing recombination of photo-
generated e —h™ pairs in the MoS,/TNAs and g-C3N4/TNAs
heterojunction structures has also been shown to increase the
efficiency of PEC water splitting.

Conclusion

MoS,/TNAs and g-C3N4/TNAs heterojunctions have been suc-
cessfully fabricated for PEC water splitting. The role of g-C3Ny
and Mo$S, in mitigating the recombination of e —h* pairs has
been demonstrated. The ability to enhance the optical interac-
tion of the heterostructures was presented through the reduction
of the bandgap energy. The outstanding application perfor-
mance of g-C3N4/TNAs and MoS,/TNAs combinations was
presented. In detail, the excellent water-splitting ability of
g-C3N4/TNAs and MoS,/TNAs heterojunctions achieved about
139.6 and 210.6 pA/cm?. In addition, the PEC reaction rate was

Potential (V, pH 7.3)

0
1
2
3
4
Ti foil
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evaluated by the Tafel slope value, indicating a faster rate for
the MoS,/TNAs heterojunction compared to the g-C3Ny4/TNAs
heterojunction. Moreover, the photocurrent density of MoS,/
TNAs is higher than that of g-C3N4/TNAs due to the strong
optical interaction of the MoS;/TNAs heterostructure.
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Abstract

A serious threat to human health and the environment worldwide, in addition to the global energy crisis, is the increasing water
pollution caused by micropollutants such as antibiotics and persistent organic dyes. Nanostructured semiconductors in advanced
oxidation processes using photocatalysis have recently attracted a lot of interest as a promising green and sustainable wastewater
treatment method for a cleaner environment. Due to their narrow bandgaps, distinctive layered structures, plasmonic, piezoelectric
and ferroelectric properties, and desirable physicochemical features, bismuth-based nanostructure photocatalysts have emerged as
one of the most prominent study topics compared to the commonly used semiconductors (TiO; and ZnO). In this review, the most
recent developments in the use of photocatalysts based on bismuth (e.g., BiFeO3, Bi,MoQOg, BiVOy4, BioWOg, BirS3) to remove
dyes and antibiotics from wastewater are thoroughly covered. The creation of Z-schemes, Schottky junctions, and heterojunctions,
as well as morphological modifications, doping, and other processes are highlighted regarding the fabrication of bismuth-based
photocatalysts with improved photocatalytic capabilities. A discussion of general photocatalytic mechanisms is included, along with
potential antibiotic and dye degradation pathways in wastewater. Finally, areas that require additional study and attention regarding
the usage of photocatalysts based on bismuth for removing pharmaceuticals and textile dyes from wastewater, particularly for real-
world applications, are addressed.

Review

Introduction

Worldwide, water pollution is rising, endangering the economic  tural pollutants (such as organic dyes, pesticides, and pharma-
potential and development objectives of severely polluted areas  ceutical residues) in water systems is becoming more and more
because of the detrimental effects on human health and aquatic ~ of a global health threat. Over two billion people live in water-

ecosystems. The improper disposal of industrial and agricul-  stressed countries, according to the World Health Organization
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(WHO, 2020), and it is anticipated that this situation will get
worse in some areas because of the increased industrial dis-
charge of contaminated water, population growth, and climate
change [1]. According to current projections, 57% of the
world's population will experience water shortages by 2050 if
sustained and coordinated efforts are not made [2,3]. The esti-
mate provided in [2,3] might have been too low. The projec-
tions for water consumption, availability, and quality are
affected by a variety of unreliable geopolitical factors. Never-
theless, there is a growing need for the efficient removal of
environmental pollutants and the proper treatment of industrial
wastes to allowable discharge limits, which are crucial for
preserving human life and protecting the environment.

Numerous techniques have been employed to treat contaminat-
ed water and wastewater, including adsorption, bioremediation,
precipitation, electrocoagulation, filtration, membrane separa-
tion, flocculation, centrifugation, advanced oxidation processes
based on photocatalysis, and chemical coagulation [4-11]. Each
of these techniques has demonstrated varying levels of effec-
tiveness and drawbacks that restrict their widespread use. For
instance, due to deficiencies such as the formation of harmful
by-products and incomplete removal of organic pollutants,
traditional water treatment methods such as sedimentation,
filtration, and precipitation, in particular, are believed to be
ineffective [4,11]. As a result of the non-biodegradable and
persistent nature of the majority of organic contaminants, some
physicochemical treatment techniques, such as adsorption, are
ineffective in removing them from water resources [11].
Because of their flexible design and low cost, biological ap-
proaches have been used for the treatment of various contami-
nated effluents. However, the process is time-consuming, can
be ineffective when toxic recalcitrant pollutants are present, and

may even be irreparably harmful to the environment.

Among the water treatment technologies, advanced oxidation
processes (AOPs) are regarded as a practical, efficient, and
fiercely competitive technology for water treatment for the
removal of a variety of toxic and bio-recalcitrant organic pollu-
tants and for the inactivation of pathogen microorganisms that
cannot be treated by conventional methods [11-14]. For the oxi-
dation of organic molecules, AOPs rely on the in situ genera-
tion of potent oxidants (reactive oxygen species, ROS) such as
hydroxyl or sulfate radicals. AOPs have been broadly cate-
gorised in terms of how ROS are produced, including non-pho-
tochemical techniques, such as chemical, radiation-induced,
cavitation, electrochemical techniques, and photochemical pro-
cesses [11,15-17].

One of the AOPs, photocatalysis, uses natural light — a resource

that is both clean and recyclable — to completely degrade a
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variety of organic pollutants and inactivate pathogens. The term
“photocatalysis” refers to chemical reactions that use light
and a photocatalyst (basically a semiconductor). A few of the
requirements that an effective photocatalyst system should
satisfy include high sunlight absorption, an appropriate gap
(1.5-2.8 eV), long-term charge carrier separation, high photo-
transporter mobility, appropriate physical and chemical proper-
ties, sufficient band alignment to meet the kinetic requirements
of the target reaction, and anti-corrosion stability in reactive

environments [18-20].

Figure 1 depicts the mechanism of the photocatalyst. In a
nutshell, when exposed to light of the desired wavelength
(enough energy), an electron (e”) in the photocatalyst's valence
band absorbs photon energy and is excited to the conduction
band on a femtosecond scale. This results in the formation of a
hole (h™) in the valence band and a charge carrier pair (¢~ and
h*) on the surface of the photocatalyst. Three possibilities exist
at this point: (a) The generated charge carriers recombine and
generate heat, (b) the generated interfacial charge carriers si-
multaneously reduce and oxidise contaminants, or (c) the gener-
ated charge carrier and an electron donor or acceptor on the sur-
face of the photocatalyst may continue to interact. Nothing
happens in the first scenario. In the second scenario, an elec-
tron or hole interacts with dissolved oxygen or water to produce
ROS (e.g., *OH, O,™). These ROS play a significant role in the
photo-oxidation/reduction reaction, along with other species
such as oxygen, hydrogen peroxide, and persulfate. This excited
electron reduces an acceptor, and the acceptor's hole oxidises
donor molecules. What happens to the excited electron and hole
depends on the relative positions of conduction band and
valence band of the semiconductor as well as the redox levels of
the substrate [11,21].

One of the main barriers preventing photocatalysis from being
used in practical applications is the lack of suitable semiconduc-
tor photocatalysts. The commonly used nanometre-sized photo-
catalysts are metal oxides or sulfides (binary compounds: TiO,,
CuO, CdS, MoQg; ternary compounds: BioM0301;, ZnFe;Oy;
quaternary compounds: Nig 5Zng sFe;O4, BiyNb, Ta;_,Ogl) [19-
26]. Because of its distinct features, TiO, is the most extensive-
ly investigated photocatalytic semiconductor. However, it
barely absorbs 4-5% of the ultraviolet light in the solar spec-
trum due to its broad bandgap of 3.2 eV, which limits the use of
visible light. Because of this, the potential photocatalytic use of
TiO, is constrained and the photocatalytic effectiveness is
reduced [19,20,25]. Table 1 compares some of the salient char-
acteristics of some of the bismuth-based photocatalysts with
some of the typical metal oxide-based photocatalysts. Some of
these important variables and values have been extracted from
articles that have been published [27-38].
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Figure 1: Mechanism of the photocatalytic process used to treat water contaminated with organic pollutants.

Table 1: Comparison of nanometre-sized metal oxide-based and bismuth-based photocatalysts.

Features Metal oxides
TiOo ZnO SnO»
bandgap (eV) 3.0-34 3.10-3.37 3.76-4.24

performance based on the light
source

semiconductor type
crystal structure

very active in UV light

n-type
anatase (tetragonal), brookite
(orthorhombic), rutile (tetragonal)

very active in UV light

n-type

hexagonal wurtzite (most stable at
ambient conditions) and cubic
zincblende

very active in UV
light

n-type

tetragonal

stability photostable in solution and readily dissolves in water, good stability
resistant to corrosion photocorrosion under UV
toxicity nontoxic low-toxicity relatively non-toxic
photon absorption efficiency and  high higher than TiOz moderate
quantum yield
cost low low low
electron—hole pairs recombination high fast high
rate
magnetic properties no no no
Bismuth-based
BiFeO3 BigWOe Bi283
bandgap (eV) 2.0-2.5 2.6-2.9 1.4-1.6

performance based on the light
source

semiconductor type
crystal structure

both visible and UV light

n-type
rhombohedral distorted perovskite
structure

both visible and UV light

n-type
orthorhombic

both visible and UV
light

n-type
orthorhombic
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Table 1: Comparison of nanometre-sized metal oxide-based and bismuth-based photocatalysts. (continued)

stability sufficiently stable superior stability highly stable
toxicity low toxicity nontoxicity low toxicity
photon absorption efficiency and  very high moderately high high
quantum yield
cost low low low
electron—hole pairs recombination high fast moderate
rate
magnetic properties ferromagnetic at low temperatures no no

and superparamagnetic at room

temperature. (multiferroic

behaviour)

Bismuth-based

BiOBr BixO3 BizO4Cl
bandgap (eV) 2.69-2.99 1.5-2.8 2.6-2.8
performance based on the light both visible and UV light both visible and UV light both visible and UV
source light
semiconductor type p-type p-type n-type
crystal structure tetragonal (PbFCl-type structure)  monoclinic (room temperature), cubic (Sillen

tetragonal B-phase or structure)

stability good chemical stability

nontoxic
moderately high

toxicity

photon absorption efficiency and
quantum yield

cost low
electron—hole pairs recombination moderate
rate

magnetic properties no

As an alternative to TiO; for photocatalysis, nanometre-sized
photocatalysts based on bismuth have recently been investigat-
ed and evaluated, because the majority of bismuth-based photo-
catalysts have a bandgap below 3.0 eV, making them usable in
visible light. Additionally, their electrical structure produces a
valence band with hybrid O 2p and Bi 6s orbitals, as opposed to
the valence band of TiO,, which is made up entirely of O 2p
orbitals. The mobility of the photogenerated charge carriers is
increased by the well-dispersed Bi 6s orbital. Due to their
distinctive structure, Bi-based photocatalysts exhibit a steeper
absorption edge in the visible-light spectrum. Additionally, the
reverse bond between the cation and anion is more favourable
for the production and transportation of holes, which facilitates
photocatalytic activity. Because of this, significant efforts
have been made to synthesise bismuth-based nanomaterials
(BiVO4, Bi507I—MOO3, Bi203, BiFeO3, Bi2W06, Bi2M03012,
Bi;Mo0Og, and BiOI [24,25,39-45]) using a variety of tech-
niques to tailor their size, morphology, and optoelectrical prop-

erties to improve their photocatalytic performance and to better

body-centred y-phase
(intermediate temperature), cubic
(very high temperature)

highly chemically stable and
photostable in solution

good stability

low toxicity nontoxic
very high moderate
low low

low moderate
paramagnetic behaviour no

understand the factors influencing their performance. Different
materials based on bismuth have been developed and used for a
range of environmental remediation applications. For instance,
Mu et al. [46] synthesised a BiS3/Bi4O7 heterostructure via an
in situ sulfidation approach and utilised it for the degradation of
rhodamine B dye under visible-light exposure. Since the oxida-
tion rate is still up to 96.3% after four cycles, the photocatalyst
showed great performance and stability in the photocatalytic ox-
idation of the dye.

This review provides an overview of the recent nanostructured
photocatalytic materials based on bismuth that are employed in
the photocatalytic degradation of organic dyes and antibiotics in
water. The general synthesis of nanometre-sized photocatalytic
materials based on bismuth employing energy-efficient tech-
niques is examined. A critical review is also given of ways to
improve the photocatalytic activity of the photocatalysts. An ex-
tensive critical evaluation is given of recent findings on the pho-

tocatalysis of nanostructured materials based on bismuth and
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doped bismuth for the remediation of textile and pharmaceuti-
cal wastewater.

Antibiotics and organic dyes in the environ-

ment and their toxicological consequences

Antibiotics are administered therapeutically to cure/prevent
pathogen infections in people, animals, or both, as well as to
increase livestock yields. However, since 50-80% of the antibi-
otic compounds that are taken are typically eliminated through
urine and faeces, there are growing concerns regarding their
excessive consumption and how they affect the environment.
The widespread use of pharmaceuticals, especially antibiotics,
has made them prevalent in the environment, and nearly
everyone in the world now acknowledges their existence in both
artificial and natural systems. Particularly, it has been claimed
that antibiotic residues or metabolites have contaminated
groundwater, soil, sediment, tap water, sludge, wastewater, and

surface water.

Chemical manufacturing facilities, effluents from wastewater
treatment facilities, and animal husbandry and aquaculture are
the three main entry points for antibiotics into fresh waters [47-
49]. According to the paper of Wise in the year 2002 [50],
nearly 200,000 tons of antibiotics are consumed globally each
year, with roughly 50% being utilized for veterinary medica-
tion and growth stimulants. Notably, between the years 2000
and 2010, the amount of antibiotics consumed by humans alone
increased by 36% globally, demonstrating the ongoing problem
of antibiotics pollution [51].

According to a recent study by Browne et al. [52], which
covered 204 nations from 2000 to 2018, the rate of antibiotic
consumption worldwide grew by 46% during the last 20 years.
The report offers a comparative analysis of global human
consumption rates of all antibiotics, expressed in defined daily
doses (DDD) per 1000 population per day, a WHO metric. In
contrast to the very low rates of consumption in sub-Saharan
Africa and several regions of Southeast Asia, high rates of
antibiotic usage were seen in the Middle East, Europe, and
North America. The regions of South Asia (116% rise) and
North Africa and the Middle East (111% rise) experienced the
biggest increases in antibiotic usage rates. Specifically, in South
Asia, third-generation cephalosporin consumption rates surged
37-fold and fluoroquinolone consumption rates increased

1.8-fold over the course of the study.

Different geographical areas have different levels of antibiotics
in the environment. For instance, aus der Beek et al. [53]
reported ofloxacin and sulfamethoxazole at 17.7 pg/L and
14.3 ug/L, respectively, and sulfamethazine has been reported

with a concentration of 19 ng/L in Vietnam [54]. Sulfamethoxa-
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zole was lastly detected in Africa, where it was found at
53.8 ng/L in Mozambique [55] and 38.9 ng/L in Kenya [56].
Nalidixic acid and ciprofloxacin quantities of 23 ug/L and
14 pg/L, respectively, were found in South African streams and
rivers [57]. While it is critical to understand the presence and
levels of antibiotics in freshwater environments, it is maybe
even more crucial to understand whether the residues or
metabolites of the antibiotics have any impact on the various
species that live there. The concentration necessary to produce a
50% effect after a given exposure time is known as the ECjs.
Chemicals having an ECsg between 10 and 100 mg/L are classi-
fied as hazardous, those from 1 to 10 mg/L as toxic, and those
below 1 mg/L are classified as extremely toxic to aquatic life by
the Commission of the European Communities [58]. The
Wikipharma statistics [59] show that EC5q values were less than
1 mg/L in 25% of all research assessing the effects of antibiot-
ics on eukaryotic, single-celled algae and that ECsy was even
less than 100 pg/L in twelve investigations.

Once these antibiotics are released into the environment, non-
target species are unavoidably exposed [47]. The development
of antibiotic resistance, which has reduced the therapeutic
capacity against human and animal infections, is the most sig-
nificant issue associated with the release of antibiotics into the
environment. It is not true that antibiotic resistance has never
been observed in the natural environment; rather, it had previ-
ously only been linked to a small number of bacterial strains,
but recent research has discovered antibiotic resistance genes in
many other bacterial strains, raising serious health concerns.
Antibiotic resistance is brought on by a high concentration of
antibiotics that enter aquatic systems and interact with native
species [47,60-62]. For instance, it may start to alter the genetic
makeup and structure of the microbial community [47]. Antibi-
otic-resistant microbes (algae, fungi, and bacteria) pose a threat
to both human and ecological health. The active ingredients of
antibiotics and their fragments may cause kidney and liver cell
damage in humans if they are exposed to antibiotic residues for
an extended time [63-65]. Additionally, it has been noted that
prolonged exposure to antibiotic-contaminated water might
result in several allergic and respiratory conditions [62-65]. Ad-
ditionally, an overabundance of antibiotics in the environment
causes structural changes in the ecosystem, disruptions in eco-
logical function, and impacts the processes of sulfate reduction,

methanogenesis, and nitrogen conversion [61,63].

Antibiotics are persistent for long periods of time in natural
environment. It is important to note that bacteria that develop
resistance to one antibiotic also exhibit resistance to other drugs
and chemicals. For example, Dickinson et al. [64] reported that
the focal strain isolates from pond sediments in the northwest of

the United Kingdom exhibited resistance to heavy metals and
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antibiotics (trimethoprim, oxacillin, and cefotaxime) where the
intll gene was involved. A growing body of research indicates
that parent antibiotics and their metabolites, which are released
into the environment in low concentrations (micrograms per
litre to nanograms per litre), are persistent and bioactive, poten-
tially posing a threat to the food chain.

Macrolides, fluoroquinolones, and tetracycline also have an
impact on the synthesis of mitochondrial proteins and chloro-
plasts in plants [48,66]. Fluoroquinolones have a detrimental
impact on the morphology and photosynthesis of plants, as well
as on the ability of eukaryotic cells to synthesise DNA and
replicate plastids. Streptomycin prevents Hordeum vulgare
from producing chlorophyll, while ciprofloxacin, enrofloxacin,
and sulfadimethoxine considerably slow down plant growth.
Additionally, tetracyclines have phytotoxic effects that may
result in chromosomal abnormalities and the reduction of plant
growth. Although B-lactams are thought to be less harmful, they
also have an impact on the plastid division in lower plants
[48,67].

The textile industry, in addition to the pharmaceutical sector, is
another sector that supports global economic expansion. It is
one of the major sources of global pollution, although its impor-
tance cannot be disputed. Due to its high water demand when
producing textiles and the limitations of conventional waste-
water treatment techniques, the textile industry is causing
concern. The direct release of textile waste into bodies of water
without proper treatment to an acceptable level has a negative
impact on its aesthetic quality. The presence of organic dyes in
bodies of water, even in minute amounts, raises the chemical
and biochemical oxygen demand and inhibits photosynthesis.
Additionally, the uptake of dye molecules or their by-products
in excess may be mutagenic, teratogenic, or carcinogenic
[68,69]. Myocardial depression and hypertension are reportedly
exacerbated by oral exposure to methylene blue dye. Addition-
ally, some dyes, such as xanthene and erythrosine, have been
related to allergic reactions, neurotoxins, and DNA damage in
both humans and animals [70]. An eco-friendly, practical, and
efficient treatment method is urgently needed because of the in-
creasing pollution and health and ecological concerns of excess
antibiotics and dyes in the environment. This article discusses
the use of nanomaterials based on bismuth for the remediation

of persistent organic pollutants.

Bismuth and bismuth-based nanostructured
photocatalysts

Bismuth (Bi) is a semimetal and a member of the p-block with a
d'0 configuration (6s26p?) in the sixth period of group V of the
periodic table. Because of their intriguing optical, catalytic,

electrical, ferroelectric, and piezoelectric properties, bismuth-

Beilstein J. Nanotechnol. 2023, 14, 291-321.

based nanostructures are used in several significant fields, in-
cluding optoelectronics, pollutant sensing [71], and environ-
mental remediation via photocatalysis [25]. Bi-based semicon-
ductors, in particular, are thought to be able to surpass the limi-
tation of the solar light-harvesting capacity of TiO,-based pho-
tocatalytic materials because of their smaller bandgaps. Because
of its highly anisotropic Fermi surface charge, low carrier densi-
ty, small electron effective mass, long electron mean free path,
and extremely low band overlap energy, bismuth can transition
from a semimetal to a semiconductor by shrinking its crystallite
size [25,71-77].

To hasten the separation of photogenerated charges and, hence,
increase photocatalytic activity, metallic bismuth can function
as a direct plasmonic photocatalyst (similar to Au and Ag) or a
co-catalyst [77]. Also, the unique layered crystal structure of
Aurivillius-type bismuth oxide-based semiconductors allows for
the induction of an internal static electric field, which effec-
tively aids in the separation and transfer of photogenerated
carriers. Bulk Bi and Bi-based nanostructure morphologies can
also be easily altered using a variety of synthesis techniques due
to their unique electrical and optical properties, which are
directly tied to the plasmonic and photocatalytic properties. The
typical and most recently applied bismuth-based nanostructure
photocatalysts are depicted in Figure 2.

Structural, optoelectronic, and magnetic properties

Bismuth's peculiar optical, electronic, and more recently
discovered photocatalytic and plasmonic properties have at-
tracted the interest of a large community of scientists. With a
low melting point of just above 544 K, Bi is less toxic than its
neighbours in the periodic table, antimony, lead, and polonium.
The structure of the bismuth crystal, which has rhombohedral
symmetry, is typical of the group-V semimetals. Bi atoms form
puckered bilayers of atoms perpendicular to the rhombohedral
plane with three equidistant nearest neighbours and three
equidistant next-nearest neighbours that are slightly farther

away.

Bi is widely used in photocatalysis, in part because of its
quantum confinement effect, which is important for electronic
transport and semimetal-to-semiconductor transition, as well
as its highly anisotropic Fermi surface (with an electron
and hole Fermi energies of 27.2 and 10.8 meV, respectively),
which results in an extremely low carrier density of around
3 x 1017 cm™3 [78] and very little overlap between the T-point
band (valence) and the L-point band (conduction) [76-78]. Note
that a reduction of the crystallite size below a critical value can
result in a semimetal-to-semiconductor transition [77-80]. For
instance, according to Qi et al. [81], indirect bandgap semicon-

ductors were visible in Bi nanowires with a diameter of around
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Figure 2: Most recently studied and common bismuth-based nanostructured photocatalysts.

1-3 nm, but as the diameter increased, they became less visible
because of the intense quantum confinement effect.

In addition to the electronic properties of Bi, its outstanding
optical properties have a big impact on how effective it is as a
photocatalyst. Bulk Bi exhibits high interband electronic transi-
tion rates that result in a negative ultraviolet—visible permit-
tivity and a large infrared refractive index. Numerous investiga-
tions have shown that the quantum confinement effect affects
the optical properties of Bi [25,71-80]. Furthermore, nanostruc-

tured materials exhibit unique optical properties that set them

Potential E (V) vs. NHE

apart from the corresponding bulk materials as a result of this
quantum confinement. Also, note that the optical responses of
Bi nanoparticles are strongly influenced by their size, morphol-
ogy, bandgap structure, shape, and environment. If these param-
eters are adjusted, the optical responses of Bi nanoparticles can
be tuned from the near-ultraviolet to the near-infrared region.

According to Figure 3, the bandgap of different bismuth-based
photocatalysts has been observed to fall between 1.30 and
3.85 eV. From an optoelectronic structure standpoint, the

majority of bismuth-based photocatalysts have a bandgap below
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Figure 3: Bandgaps of some bismuth-based photocatalysts extracted from various research articles [27,35-37,83-86].

297



3.0 eV, which qualifies them for use in visible light. The
hybridisation of the O 2p orbital and the 6s orbital in Bi is
thought to be the cause of the narrow bandgap [82]. The valence
band electrons are elevated by the hybridisation, which benefits
the separation of photogenerated electron—hole pairs and the
rate of charge carrier migration. Numerous visible-light photo-
catalysts based on bismuth have been used for the degradation
of micropollutants because of their appropriate bandgap and

non-toxic nature.

BiFeO3, one of those Bi-based photocatalysts, has been the
subject of intensive research in recent years because it is the
only naturally occurring magnetoelectric material with ferro-
magnetic and ferroelectric properties at room temperature
[39,75,87-89]. Bismuth ferrite has a distorted rhombohedral
perovskite structure (ABO3), where A is a corner cation, B is a
body-centred middle atom, and O is an oxygen atom or anions
attached to the crystal faces. BiFeO3 has strong magnetic and
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multiferroic, and sufficient photocatalytic properties due to this
unique structure. BiFeOj3 is an effective photocatalyst in the
visible-light region, because in contrast to other semiconduc-
tors such as TiO»,, it has a very narrow bandgap (Figure 3) and
slow electron—hole recombination.

As 44% of solar radiation falls within the visible-light spectrum,
BiFeOj3 can be activated by direct sunlight, further lowering the
cost of treatment. Aside from its magnetic and optical proper-
ties, BiFeO3 also exhibits piezoelectric characteristics, photo-
voltaic effects, switchable ferroelectric diode effects, and spon-
taneous polarisation enhancement. It is also sensitive to
epitaxial strain [88]. Given its intriguing properties, a lot of
researchers [90] have used bismuth ferrite to efficiently degrade

organic pollutants, as shown in Table 2.

Bi,WOg is a typical Aurivillius-phase material, that is, a type of
perovskite denoted by BiyX,,_1Y,03,+3, where X is a large

Table 2: Treatment of water containing antibiotics and dyes by bismuth ferrite nanoparticles (BiFeOs).

Particle
size (nm)

Remarks on the synthesis and main findings

Target pollutant Source of light

5.5 rhodamine B dye visible light

(high-power LEDs)

Experimental conditions

catalyst dosage: 1.25 g/L; solution pH 2;
reaction time: 50 min; initial concentration

Degradation (%) Ref.

100.0 [75]

of rhodamine B: 5 mg/L; observed
bandgap: 2.07 eV

Monodisperse BiFeO3 nanoparticles were synthesised using a nanocasting approach, and they outperformed BiFeO3
nanoparticles prepared using other synthetic techniques in terms of photocatalytic efficiency and stability when exposed to visible
light. When compared to particles of comparable size, the photocatalytic activity of the nanocast BiFeOg particles is significantly
higher. A low density of surface defects and few local strains contributed to this higher performance.

35 rhodamine B dye visible light (500 W

Xe lamp)

catalyst dosage: 2 g/L; solution pH 0.5;
reaction time: 60 min; initial concentration

100.0 [91]

of rhodamine B: 10~ mol/L; observed
bandgap: 2.06 eV

By using a rapid sol—gel calcination approach, multiferroic BiFeO3 nanoparticles with rhombohedral crystal structures were
synthesised, and they had stronger photocatalytic activity than the bulk. Mild room-temperature ferromagnetism was shown by the

BiFeOg nanoparticles.

150-200 methyl orange dye  visible light (70 W

365 nm UV lamp)

with a catalyst loading of 6.4 mmol/L, the
initial concentration of the methyl orange

92.0 [92]

dye was 20 mg/L; the optimum reaction
time was 260 min; the bandgap of the
catalystis 2.10 eV.

Chemical co-precipitation was used to synthesise the BiFeO3 nanoparticles, and analysis of the samples reveals that they have a
perovskite structure that is distorted rhombohedrally and belongs to the polar Rsc space group (no. 161). The nanoparticles’
bandgap energy was lower than that of the bulk BiFeO3 (2.5 eV) due to the thinness of the sample.

128
(Xe lamp 500 W)

methylene blue dye simulated solar light catalyst concentration: 5 ppm; initial
concentration of the dye: 1 ppm; pH 1-2;
optimum reaction time: 50 min; the

nanofiber 98.0
nanoparticulate
68.0

(93]

bandgap of the 1D nanofiber is 2.38 eV.

Electrospinning and the sol—gel method were used to synthesise BiFeO3 nanofibers and nanoparticles, respectively. According to
the XRD findings, the BiFeO3 phase exhibits a rhombohedral structure with average crystallite sizes of 60 and 24 nm for BiFeO3
nanoparticles and nanofibers, respectively. Due to 1-dimensional confinements in the BiFeOg nanofiber, its valence band edge
position showed a shift toward higher energy, increasing its charge separation energy.
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Table 2: Treatment of water containing antibiotics and dyes by bismuth ferrite nanoparticles (BiFeOs). (continued)

5-50 congo red dye visible light (Xe 95.0 [94]

lamp, 500 W)

catalyst dosage: 2 g/L; initial
concentration of the dye: 10 mg/L;
optimum reaction time: 120 min;
bandgap: 2.10-2.19 eV

The hydrothermal approach was used to synthesise the nanostructured BiFeOs particles, which showed a single-phase
perovskite structure. With a reduction in crystalline size, the band-gap energy of the nanoparticles increased.

342-5560 tetracycline visible light (500 W 77.0 [95]

xenon lamp)

catalyst dosage: 0.5 g/L; initial
concentration of the antibiotic: 10 mg/L;
pH 8; optimum reaction time: 120 min;
bandgap: 1.97 eV

According to the XRD data, the BiFeOg particles showed a perovskite phase after being synthesised using a facile hydrothermal
approach.

20-150 oxytetracycline 40.0-97.3 [96]

hydrochloride

visible light (300 W
xenon lamp)

catalyst dosage: 1 g/L; initial
concentration of the antibiotic: 20 mg/L;
10 g/L potassium peroxymonosulfate;
pH 6.5; optimum reaction time: 10 min;
bandgap: 1.78-1.95 eV

Through a mild one-pot hydrothermal procedure and a bath-ultrasound-aided dissolving technique, a multiferroic BiFeO3
photocatalyst was synthesised. The XRD analysis showed that the perovskite structure of the BiFeO3 nanocatalyst, which is
composed of evenly spaced bimodal mesopores and nanoparticles smaller than 50 nm, was present.

cefixime trihydrate  direct sunlight catalyst dosage: 20 mg/L; initial 75.0-94.0 [97]
concentration of the antibiotic: 1 mg/L;
pH 3 and 9; optimum reaction time: 30

min; bandgap: 1.72-2.25 eV

The combustion synthesis approach was used to synthesise the rhombohedral crystal structure in the bismuth ferrite
nanoparticles. The typical crystallite size of the nanoparticles ranged from 24 to 48 nm, with various bandgaps.

not given

BiFeOg3 alone 54.0  [98]
BiFeO3 + H202
100.0

20 tetracycline visible light (300 W

mercury lamp)

catalyst dosage: 2 g/L; oxidant dosage

(H205): 9.8 mmol/L; initial concentration
of the antibiotic: 40 mg/L; pH 4; optimum
reaction time: 210 min; bandgap: 2.1 eV

Sol—gel synthesis and calcination were used to synthesise the bismuth ferrite nanoparticles. The perovskite phase of bismuth
ferrite was present in the nanoparticles, which were made up of almost rhombic nanoscale particles and showed no secondary
contamination. The saturation magnetization value of 12.5 emu/g allowed the nanoparticles to be recovered and reused.

initial concentration of the antibiotic:
2 mg/L; optimum reaction time: 180 min;
bandgap: 2.1 eV

17.4-929.6 doxorubicin UV lamp 79.0 [99]

Through the thermolysis of the coordination compound of bismuth ferrioxalate and calcination, bismuth ferrite particles were
successfully produced. According to the XRD data, the bismuth ferrite nanopowders have a perovskite structure with
rhombohedrally deformed (space group Rsc) crystallites that range in size from 17.6 to 118.3 nm on average.

9-16 ciprofloxacin and

levofloxacin

simulated sunlight
(500 W Hg Xe
lamp)

catalyst dosage: 0.3 g/L; pH 3.5; initial
concentration of the antibiotic: 10 mg/L;
optimum reaction time: 240 min;

80.0 ciprofloxacin
79.0 levofloxacin

[100]

bandgap: 1.18-1.95 eV

The BiFeO3 nanoparticles were synthesised at 160 °C by a simple high-pressure hydrothermal method and then doped with 10%
gadolinium to facilitate the separation of electron or hole trapping sites and modify the band structures of the BiFeOs.

(12-coordinate, such as Ba, Bi, Sr, or Ca) cation and Y is a
small (6-coordinate, such as Ti, W, Mo, or Fe) cation. It is
another visible-light-driven n-type bismuth-based semiconduc-
tor and has received a lot of attention because of its distinctive
layered structure, eco-friendliness, high photochemical and
thermal stability, and benign visible-light photocatalytic activi-
ty [101-104]. Bi;WOgq has an orthorhombic structure, a high

Curie temperature of about 900 °C, and a narrow bandgap of
2.6-2.8 eV [103]. Other desirable physical and chemical char-
acteristics of Bi,WOg include comparatively low toxicity,
piezoelectricity, non-linear dielectric susceptibility, ferroelec-
tricity, photostability and useful electrical properties [102-105].
The highest visible-light photocatalytic activity among bismuth-

based oxides with a similar structure has been observed for
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Bi;WOg, which can be attributed to its distinctive structure
[103,104].

It is important to note that several review articles [102-108]
have covered in great detail different techniques used to synthe-
sise BioWOyg, its photocatalytic activities, strategies for altering
its structure to increase photocatalytic performances, and its ap-
plications in environmental remediation. However, the goal of
this review is to comprehend the most recent developments in
the degradation of various textile dyes and antibiotics in waste-
water using photocatalysts based on Bi,WOg. The use of

Beilstein J. Nanotechnol. 2023, 14, 291-321.

BipWOg-based photocatalysts for the degradation of dyes and
antibiotics has attracted great interest over the last eight years,

as shown in Table 3.

Although Bi;WOg, BiFeO3, and other nanostructured photocat-
alysts [118-123] based on bismuth have been widely used in
wastewater remediation and have demonstrated remarkable per-
formance, their industrial/field application still faces some diffi-
culties, including fast electron—hole pair recombination rate and
challenges in separating them from the reaction system.
Recently, a variety of methods have been used to enhance the

Table 3: BioWOg-based nanostructured materials for remediation of antibiotics and dyes.

Morphology Target pollutant
Remarks on the synthesis and main findings
nanocrystals have uneven, ceftriaxone sodium
rod-like, nanoplate, and

nanoflower morphologies

Source of light

simulated sunlight
(300 W Xe lamp)

Experimental conditions Degradation (%) Ref.

catalyst dosage: 1 g/L; 70.18 [108]
solution pH 2; optimum

reaction time: 240 min; initial

concentration antibiotic:

10 mg/mL; observed

bandgap: 2.62 eV

By varying pH values (from 1 to 11), solvents (ethylene glycol and distilled water), and temperature (160-180 °C), different
BioWOg nanostructured materials were synthesised using a simple hydrothermal procedure.

The findings showed that the morphologies effectively affected the photocatalytic activity of the samples. Due to its large surface
area and improved light harvesting, the 3D flower-like structure made of ordered nanoplates provided the best antibiotic

degradation efficiency.
irregular nanocrystals with  levofloxacin
agglomerated nanocuboid

morphology

visible light (150 W
Philips CFL bulb)

catalyst dosage: 0.75 g/L; 80.0 [109]
solution pH 7.14; optimum

reaction time:150 min; initial

concentration of antibiotic:

10 mg/L; observed bandgap

2.61eV

BioWOg was synthesised using a hydrothermal process assisted by ultrasonication at 170 °C for 20 h yielding nanocuboids and
orthorhombic phase crystal planes. The performance of the nanocuboids photocatalyst was enhanced by the presence of metal
atom defects, crystal defects, or oxygen vacancies. The catalyst performs well at different pH values, although at natural pH, the
maximum degradation was observed under visible light.

initial concentration of 72.98-74.84
antibiotic: 10 mg/L; catalyst

dosage: 1 g/L; optimum

reaction time: 150 min;

observed bandgap: 2.36 eV

The BioWOg photocatalyst was synthesised using the traditional hydrothermal process and autoclaved at 160 °C for 12 h.
Superoxide radicals and photogenerated carriers (e~ and h*) are the main contributors to the degradation of antibiotics, while
hydroxyl radicals have a very minor impact. Metal doping of the BiosWOg produced nanospherical structures with increased
specific surface area, a narrower bandgap, and enhanced photocatalytic activity.

flower-like microstructure norfloxacin and
morphologies with surfaces ciprofloxacin
enriched with nanosized

pores

visible light (300 W
Xe bulb,
CEL-HXF300)

[110]

initial concentration of 92.95-94.58
antibiotic: 10 mg/L; catalyst

dosage: 0.5 g/L; solution

pH 3; optimum reaction time:

75 min; observed bandgap:

2.57-2.85eV

The BisWOg nanorods were synthesised using a solvothermal process with ultrasonic assistance at 180 °C for 12 h, followed by
3 h of calcination at 350-550 °C. The calcination enhanced the crystallinity of the sample by producing nanocrystals with a
greater ability to absorb visible light. The active species quench experiments revealed that h* was the most significant active
species in this study and that *Oo~ had a stronger degrading effect than *OH.

flower-like, rod-like and enrofloxacin and
lamellar-like nanostructures norfloxacin
morphologies

visible light (300 W [111]

Xenon arc lamp)
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Table 3: BioWOg-based nanostructured materials for remediation of antibiotics and dyes. (continued)

a hierarchical structure like norfloxacin visible light (Xe initial concentration of 95.0 [112]
a persimmon cake, with bulb, CEL-HXF300) antibiotic: 20 mg/L; catalyst
ultrathin nanoflakes of dosage: 1 g/L; solution pH 9;
uniform size and optimum reaction time:
morphology 120 min; observed bandgap:
2.69-2.76 eV

A hydrothermal method was used to synthesise BixWOg in a pH range of 4 to 11. Because of its higher specific area and rapid
photogenerated carrier separation rate, ultrathin nanoflakes of BioWOg produced at pH 4 demonstrated outstanding
photodegradation effectiveness toward norfloxacin. The variations in the degradation rate were attributed to the different
hierarchical structures of Bi,WQg.

spherical shape erichrome black T simulated solar light initial concentration of 64.0-74.0 [113]
aggregated perovskite dye (150 W Xe lamp) antibiotic: 30 mg/L; catalyst
nanoparticles dosage: 0.2 g/L; optimum

reaction time: 180 min;
observed bandgap:
2.7-29eV

Using a one-pot solvothermal technique, BisWOg nanoparticles were synthesised by changing the reaction temperature for 20 h
between 120 and 180 °C. Because of the synergistic effects of small crystallite size, high surface area, presence of oxygen
vacancies, and minimal electron recombination rate, the BioWOg produced at 140 °C demonstrated maximum photocatalytic
activity.

sharp geometric corners Coomassie brilliant visible light initial concentration of 100.0 [114]
and zigzag edges with blue dye antibiotic: 0.15 g/L; catalyst
nanoflakes morphology dosage: 0.75 g/L; optimum

reaction time: 300 min
The hydrothermal method was used to synthesise orthorhombic Bio.WOg nanoflakes for 24 h at 180 °C. The reaction temperature
significantly affected the Bi;WOg's morphology, as non-uniform morphology was seen at 180 °C. The well-defined nanoflakes
were generated by continuing the reaction for longer periods of time.

spherical, uniform, and rhodamine B dye — initial concentration of 99.5 [115]
well-developed 2D antibiotic: 10 mg/L; catalyst

nanosheets with flower-like dosage: 1.25 g/L; optimum

morphology reaction time: 40 min;

ultrasound pulse mode:
9 s on/1 s off

The hierarchical BioWOg nanostructures with a high surface area were synthesised using a hydrothermal technique at 180 °C for
2 h assisted by ultrasonication. Preparation temperature and time were crucial for the crystal development.

disordered, flake-like rhodamine B dye UV light, visible initial concentration of 58.4-87.9 [116]
nanocrystals light and simulated  antibiotic: 5 mg/L; catalyst
sunlight dosage: 1 g/L; optimum

reaction time: 180 min;
bandgap: 2.97-3.0 eV

BioWOg nanocrystals with an orthorhombic structure were synthesised by a hydrothermal method over a 24 h period at 200 °C.
The as-prepared catalyst was loaded with NaBH4 solution (0.01-0.1 M) to enhance its structure and performance, and the
optimized sample (0.03 M-BisWOQOg) showed the maximum photocatalytic activity. The Bi,WOg nanoflakes have little photocatalytic
activity when exposed to visible light because of their wide bandgap (3.0 eV), but are photocatalytically active when exposed to
UV light. While exposed to UV and visible light, 0.03 M-BioWOg (2.97 eV) exhibits increased photocatalytic activity. Due to its
unique layered crystal structure of perovskite-like units (WO4)2~ positioned between (Bix05)2* layers, BioWOg nanoparticles
exhibit strong photocatalytic performance.

homogenous, bundle-like methylene blue dye visible light initial concentration of 79.1-87.7 [117]
nanostructured morphology (tungsten lamp antibiotic: 5 ppm; catalyst
250 W) dosage: 0.4 g/L; optimum

reaction time: 180 min;

solution pH 4; bandgap:

2.8-2.93 eV
By using a simple combustion process and jackfruit extract, BioWOg nanoparticles were synthesised, which were subsequently
calcined at 400 °C for 3 h. The synthesised nanocatalyst displayed an orthorhombic phase with a bundle-like structure and
showed strong photoluminescence, photocatalytic, and antioxidant activity. Holes and hydroxyl radicals contributed significantly
toward the degradation of the dye.
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photocatalytic activity. These methods include engineering their
morphologies through various synthesis techniques, metal/non-
metal doping, introducing heterojunctions, and combining them

with other materials.

Synthesis approaches and performance
enhancement

The majority of the reported photocatalysts have been used in
laboratory settings. Several fundamental requirements must be
met to produce an efficient photocatalyst that can be applied
industrially for the remediation of a variety of pollutants in con-
taminated water. First, photocatalytic activity is significantly
influenced by the morphology (e.g., nanoplates, nanotubes,
nanowires, nanorods, nanocuboids, nanoflakes, nanosheets,
nanocapsules, nanocasts, or nanodots), dimension, and particle

size of the photocatalyst.

Functional properties such as bandgap, optoelectronic proper-
ties, surface area, photoresponse, and magnetic properties
depend on particle size and morphology of Bi-based photocata-
lysts. For instance, the charge diffusion path can be decreased
by using photocatalysts with extremely small or thin structures,
effectively separating the photogenerated electrons and holes.
Bi-based photocatalysts in zero to three dimensions have been
developed recently [102,106].

Low-dimensional (0-D and 1-D) nanomaterials have been ex-
tensively used in the field of photocatalysis over the past few
years due to their distinct optical and electronic characteristics
[42,88,106]. Simple strain relaxation and short diffusion paths
are benefits of 1-D nanostructured materials and are advanta-
geous for the separation of photogenerated carriers [102]. 1-D
spindle-like BiVOy4 nanostructures with oriented carrier trans-
port, high optical performance, and a short carrier diffusion
length, for instance, were prepared by Li and co-workers [42].
The photodegradation rates of ciprofloxacin and tetracycline
were, respectively, 94.8% and 81.1% after 1 h. Additionally,
Lin et al. [122] prepared 1-D Bi;WOg nanofibers with a flower-
like morphology by using a hydrothermal process for the degra-
dation of thodamine B dye. Under visible-light irradiation, the
1-D nanofiber photocatalyst reached a degradation rate of
78.2% after 50 min.

Because of their extraordinarily small size, 0-D nanomaterials
are steadily dispersed in solvents. There are very few published
reports on 0-D Bi-based nanomaterials and these materials ex-
hibit several quantum confinement effects. 3-D nanostructured
Bi-based materials have drawn a lot of attention due to their
intriguing architecture and properties. Numerous techniques
have been developed to synthesise 3-D Bi-based nanostructures

with different morphologies, including solvothermal/hydrother-
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mal and sol-gel processes, mechanical exfoliation, solid-state
reactions, chemical vapour deposition, and microwave-assisted
techniques [106].

These 3-D photocatalysts have shown adequate photocatalytic
activity, a large specific surface area, and an abundance of
channels, all of which are advantageous for photocatalysis. For
instance, Dang et al. [123] used a microwave-assisted method to
synthesise 3-D nanostructured Bi;WOQOg nanoparticles and re-
ported 92% methylene blue dye degradation after 180 min
under visible-light irradiation. 2-D nanostructured materials are
thought to function more effectively in photocatalytic processes
than 3-D nanostructured photocatalysts [88,102,106,124]. This
is because photogenerated carriers in a 2-D structure can rise
from a deeper layer of the structure more quickly than those in a

3-D structure.

It is important to note that an effective photocatalyst should
have the following properties: (a) strong absorption both of UV
and visible light (i.e., a suitable bandgap value, usually less than
3.0 eV); (b) thermal, chemical, and mechanical stability against
photocorrosion; (c) high efficiency in quantum conversion;
(d) fast generation and efficient transfer of photocarriers (e~ and
h*); and (e) slow recombination rate of photogenerated charge
carriers. The nanopowder photocatalysts must also exhibit easy
and rapid recovery from the solution with adequate reusability,
that is, without noticeable loss of efficiency. Several strategies
are currently used to achieve the listed features, including
tuning of size, morphology, and particle dimensions. Also, the
composition of the photocatalyst is varied yielding core—shell
structures, element substitutions, intercalation compounds,
plasmon sensitization, heterojunctions, and composites
[72,110,118,119]. Several synthesis techniques have been used

as summarised in Figure 4.

Several synthesis procedures for bismuth-based photocatalysts
have already been published [25,88,119-124], so they are not
covered in this review. In general, top-down approaches or
bottom-up approaches can be used to synthesise Bi-based nano-
structured materials using traditional solid-state methods as well
as wet-chemical methods. Solid-state methods are typically
high-energy methods.

The final product might have some impurities, relatively large
particles, and only a small degree of homogeneity. Large
volumes of nanopowder can be produced using a relatively
simple apparatus via solid-state routes. Wet-chemical methods
(such as electrospinning, sol-gel, hydrothermal, ultrasound,
co-precipitation, and aerosol-spraying) have been widely used
for the synthesis of various nanostructured materials due to their

low cost, low energy requirements, and ease of control of the
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Synthesis techniques for bismuth-based nanopam
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Figure 4: Summary of the commonly used synthesis methods for bismuth-based nanostructured photocatalysts.

solution parameters to meet the growing demand for efficient
photocatalysts that can be produced on a large industrial scale at
a lower cost. The most frequently used wet-chemical tech-
niques are hydrothermal and co-precipitation techniques. Mor-
phology, particle size, and composition can be easily adjusted
using hydrothermal methods, whereas agglomeration and parti-
cle size can be controlled using the co-precipitation method.
Thus, the combination of both techniques enables the
customization of particle properties for particular applications.

It is worth noting that some recently published review articles

have paid attention to ways of controlling the morphologies,

dimensions, and even the nanoscale modulation as well as ways
of enhancing the photocatalytic activities of Bi-based photocat-
alysts. Bi-based nanostructured materials have been used to
treat water and wastewater that contained a variety of antibiot-
ics (e.g., fluoroquinolones, tetracycline and sulfonamides).
Table 4 and Table 5 discuss the results of a few studies that
used undoped/non-composite Bi-based nanostructured photocat-

alysts to degrade textile dyes and antibiotics.

Even though different Bi-based photocatalysts have demon-
strated impressive photocatalytic performance, pristine and bulk

Bi-based photocatalysts still have some drawbacks such as

Table 4: Undoped Bi-based nanostructured photocatalysts for antibiotic remediation.

Photocatalyst Target antibiotic
Remarks on active species

Optimum conditions Source of light Degradation (%)

BiOCI ofloxacin, initial concentration of antibiotics: uv 95.0, 90.0, and 72.0
norfloxacin, 10 mg/L; catalyst dosage: 0.25 g/L;
ciprofloxacin optimum reaction time: 240 min

*OH radicals and h* played key roles in the degradation process.

BiVOy4 ciprofloxacin initial concentration of antibiotic: 10 mg/L; visible light 58.6

optimum reaction time: 120 min
While e~ and "O5~ were the most active species, h*, *OH and *O,~ all took part in the degradation of the antibiotics.

Ref.

[125]

[126]
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Table 4: Undoped Bi-based nanostructured photocatalysts for antibiotic remediation. (continued)

BioWOg levofloxacin catalyst dosage: 0.75 g/L; initial visible light 80.0 [109]
concentration of antibiotic: 10 mg/L;
solution pH 7.14; optimum reaction time:
150 min

Antibiotics were degraded into simpler molecules as a result of the main active species, that is, radical "O2~, h*, e~ and "OH.

BioWOg norfloxacin, optimum reaction time: 150 min; dosage  visible light 73,70 [110]
ciprofloxacin of catalyst: 1 g/L; initial concentration of
antibiotics: 10 mg/L

‘02 and holes (h*) played key roles in the degradation of the antibiotics.

BiVO,4 tetracycline optimum reaction time: 60 min; dosage of visible light monoclinic scheelite: 60.2  [127]
catalyst: 1 g/L; initial concentration of tetragonal zircon: 17.3
antibiotic: 10 mg/L monoclinic-tetragonal: 80.5

Hydroxyl radicals and holes (h*) contributed to the degradation process

BiOBr ciprofloxacin optimum reaction time: 60 min; dosage of visible light 43.7 [128]
catalyst: 0.5 g/L; initial concentration of
antibiotic: 15 mg/L

While *OH is only involved to a small extent in the antibiotic photodegradation, h* and *O»~ play a critical role.

BiOCI sulfamethoxazole optimum reaction time: 60 min; dosage of visible light 36.8 [129]
catalyst: 0.2 g/L; initial concentration of (Xe)
antibiotic: 25 mg/L

The main reactive species identified through scavenging tests were *Oo~ and *OH.

Table 5: Undoped Bi-based nanostructured photocatalysts for remediation of dye pollution.

Photocatalyst ~ Target dye pollutant Optimum experimental conditions Source of light Degradation (%) Ref.
Remarks on active species

BiOl, BioOy4 rhodamine B treatment time: 32 min; dosage of catalyst: visible light 10.0, 67.0 [130]
0.5 g/L; initial concentration of dye: 10 mg/L  (LED)

*Oo™ and h* were the main active species during the photocatalytic degradation process.

BigTi3O12 rhodamine B treatment time: 120 min; dosage of catalyst:  visible light 100.0 [131]
0.1 g/L; initial concentration of dye: 10 mg/L (Xenon lamp)

‘05~ and h* contributed mostly to the degradation process.

BiVO,4 alizarinred S treatment time: 180 min; dosage of catalyst: UV (365 nm) 99.6 [132]
0.5 g/L; initial concentration of dye: 10 mg/L

The degradation of the dye was mainly attributed to the contribution of *OH radicals.

BiOCI rhodamine B treatment time: 100 min; dosage of catalyst:  visible light 22.0 [133]
1 g/L; initial concentration of dye: 9.6 mg/L

The photogenerated electrons converted the adsorbed oxygen into *O,~, which played a key role together with h* in the
degradation process.

BioO3 acid yellow 29, treatment time: 120 min; dosage of catalyst:  visible light Acid Yellow 29:  [134]
Coomassie brilliant 1 g/L; initial concentration of Acid Yellow 29:  (Halogen lamp) 58.0, Coomassie
blue, Acid Green 25 0.1425 x 10~3 mg/L, of Coomassie brilliant brilliant blue and
blue: 0.427 x 10~4 mg/L, and of Acid Green Acid Green 25:
25:0.156 x 10~3 mg/L 57.0

‘02~ and "OH radicals were the key species while h* contributed to the production of more “OH radicals.
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Table 5: Undoped Bi-based nanostructured photocatalysts for remediation of dye pollution. (continued)

Bio02CO3 rhodamine B treatment time: 45 min; dosage of catalyst: visible light 13.0 [135]
0.666 g/L; initial concentration of dye:
10 mg/L

‘0o~ and *OH radicals were the dominant species during the photocatalytic degradation process.

BiOClg 7lo.3 methyl orange treatment time: 50 min; dosage of catalyst: visible light 100.0 [136]
2 g/L; initial concentration of dye: 20 mg/L

BisWOQOg rhodamine B treatment time: 100 min; dosage of catalyst:  visible light (Xe 98.2 [137]
1 g/L; initial concentration of dye: 4.8 mg/L light)

e~ and h* contributed to the degradation process.

BiOCI methylene blue treatment time: 120 min; dosage of catalyst:  sunlight 36.0 [138]
1 g/L; initial concentration of dye: 20 mg/L

‘02~ and *OH radicals contributed to the photocatalytic process.

BiOIl methyl orange treatment time: 30 min; dosage of catalyst: visible light 35.2 [139]
1 g/L; initial concentration of dye: 10 mg/L (300 W Xe

lamp)

‘O™~ and h* were the dominant species while the *OH radicals played a minor role in the degradation reaction.

BiVO,4 rhodamine B treatment time: 180 min; initial concentration  visible light 90.0 [140]
of dye: 10 mg/L (tungsten

halogen lamp)

‘O~ and *OH were the dominant species.

BiOl rhodamine B treatment time: 240 min; dosage of catalyst:  direct sunlight  100.0 [125]
0.25 g/L; initial concentration of dye: 10 mg/L

The "OH radicals and h* played key roles in the degradation process.

BixO3 methyl orange treatment time: 240 min; initial concentration  visible light 94.8 [141]
of dye: 10 mg/L

BiFeO3 rhodamine B treatment time: 180 min; dosage of catalyst:  visible light 94.0 [142]
0.2 g/L; initial concentration of dye: 10 mg/L

e~ converted O to "O,~, which contributed actively to the degradation process alongside h*.

BioWQOg/AglO3 rhodamine B treatment time: 180 min; dosage of catalyst:  visible light 100 [143]

0.5 g/L; initial concentration of dye: 10 mg/L

The active species were ‘Oo~ and h*.

limited light absorption, weaker charge separation, and poor
charge carrier mobility. Researchers are concentrating on
several strategies, such as doping, heterojunction formation,
induction of the surface plasmon resonance effect, and the for-
mation of Z-schemes, Schottky junctions, and engineered com-
posites, for modifying the optoelectronic and other properties of
these Bi-based nanomaterials.

Doping of Bi-based nanostructured materials: To improve
the electrical, optical, and magnetic properties of the host mate-

rials, doping (rare earth elements, metal, or non-metal ions) is a

common technique [20,72,104,110,144-150]. Doping reduces
the bandgap energy, introduces intermediate energy levels to
overcome constraints, creates trap sites to capture photogener-
ated charge carriers, and increases the absorption of visible
light. Additionally, after doping, oxygen vacancies or/and sur-
face defects are created without destroying the crystal structure
(though it might be distorted), effectively separating photogen-
erated carriers. Doping with metallic (Mg, Ag, Ni, Fe, Li, Co,
and Ni) and non-metallic ions (F, C, N, and O), can introduce
an intraband close to the conduction band of the host material,

enhancing charge carrier dynamics [20,146].
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In contrast to undoped Bi,WOg, visible light-driven 3-D hierar-
chical Ag-doped Bi; WOg nanoparticles showed improved pho-
tocatalytic performance by destroying 95% of tetracycline in
only 70 min, according to Shen and co-workers [147]. The
increased performance was caused by the following factors:
(a) surface plasmon resonance caused by the Ag dopant; (b) a
decrease in the rate at which photoinduced carriers recombined;
(c) high Schottky barriers between the Ag dopant and the host
material; and (d) an increase in the visible-light absorption
range. In addition to improving the photocatalytic properties of
the Bi-based host materials, doping them with rare earth ele-
ments may also give them special ferroelectric and ferromag-
netic properties, as well as electrochemical and luminescent

properties.

To produce an Er-doped Bi, WOg nanostructured photocatalyst
for the degradation of antibiotics, Qiu et al. [145] used a hydro-
thermal technique. The bandgap of Bi,WOg decreased from
2.80 to 2.35 eV after Er3* doping, and the specific surface area
of the doped Bi,WOg was nearly 2.5 times higher than that of
the undoped Bi;WOg. In comparison to pure Bi;WOg (82.8%),
the dopant significantly increased the tetracycline-degrading
activity, which reached 94.6% within 1 h of visible light
irradiation. Additionally, Irfan et al. [148] used a bi-solvent
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sol—gel technique to synthesise porous bismuth ferrite nano-
structures with various morphological structures. They discov-
ered that the surface area increased from 3.3 to 9 m%/g with a
significant reduction in bandgap from 2.08 to 1.49 eV when
La3* and Mn2" ions were co-doped into the BiFeO3 host mate-
rial.

Within 120 min of exposure to visible light, the co-doped
photocatalyst degraded Congo red dye by about 97%. The
research on doped and co-doped Bi-based nanostructured mate-
rials using different dopants for dye and antibiotic degradation
is summarised in Table 6 and Table 7.

The use of doping generally enhances the photocatalytic activi-
ty of photocatalysts. The most important variables to take into
account are the quantity and type of dopant. The photocatalytic
performance may be impacted if the amount of dopant is greater
than the optimum value because it may act as a recombination
site for photoinduced charge carriers. Additionally, doping has
some drawbacks such as thermal instability and carrier trapping
[72]. Other modifications, such as heterojunctions, Schottky
junctions, p—n junctions, Z-schemes, and homojunctions, have
been used to overcome these problems and boost the effective-
ness of photocatalysts.

Table 6: Doped Bi-based nanostructured photocatalysts for antibiotic remediation.

Photocatalyst ~ Target antibiotic Optimum experimental conditions Source of light Degradation (%) Ref.
Remarks on active species
Mg-, Fe-, Cu-, norfloxacin, treatment time: 150 min; dosage of catalyst: 1 g/L; Vvisible light 70.0-99.0 [110]
and Zn-doped ciprofloxacin initial concentration of antibiotic: 10 mg/L.
BioWOg?
‘0o~ and h* were the dominant species while *OH radicals contributed slightly to the degradation of the antibiotics.
Al/BiOCI tetracycline treatment time: 60 min; dosage of catalyst: 0.4 g/L; simulated 91.1 [149]
initial concentration of antibiotic: 100 mg/L. sunlight
e~, "OH and h* played a minor role while *O>~ was the main active species during the degradation process.
Cu-doped norfloxacin treatment time: 30 min; dosage of catalyst: 1 g/L;  visible light 46.5-82.6 [150]
BiOBr initial concentration of antibiotic: 10 ppm. (200 W Hg, Xe
arc lamp)
The degradation of norfloxacin was mostly mediated by direct h* oxidation; “O2~ and *OH radicals were not the predominant
reactive species.
Fe/BiOCI levofloxacin optimum reaction time: 60 min; dosage of catalyst: visible light 95.0 [151]
0.5 g/L; initial concentration of antibiotic: 361 mg/L.
Both *SO4~ and "OH contributed little to the degradation of the antibiotic. *O2~ and h* were the main active species.
Ti/BiOl diclofenac optimum reaction time: 90 min; dosage of catalyst: visible light 99.2 [152]

0.25 g/L; initial concentration of drug: 10 mg/L;

pH 5.9.

‘O™ and h* were the key active species, while *OH play a minor role during the degradation process.

aThe metals were doped individually.
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Table 7: Doped Bi-based nanostructured photocatalysts for remediation of dye pollution.

Photocatalyst Target dye pollutant
Remarks on active species

Ag-BiOCI rhodamine B

Optimum experimental conditions

treatment time: 100 min; dosage of catalyst:

Source of light Degradation (%) Ref.

visible light 99 [133]

1 g/L; initial concentration of dye: 9.6 mg/L
The photogenerated electrons converted adsorbed oxygen into “O»>™ radicals and with h* contributed to the degradation process.

Ce/BixOg, Acid Yellow 29, Reaction time: 120 min; dosage of catalyst: visible light 82.0-88.0, [134]
Nd/Bi»Og3 Coomassie brilliant 1 g/L; the initial concentration of Acid Yellow (halogen 74.0-84.0
blue (G250), Acid 29:0.1425 x 10~3 mg/L., of Coomassie brilliant lamp)
Green 25 blue (G250): 0.427 x 10~* mg/L, and of Acid
Green 25: 0.156 x 1073 mg/L
‘027, h* and "OH were the active species during the degradation process.
B/BiOBr rhodamine B optimum reaction time: 30 min; dosage of visible light 99.3 [153]
catalyst: 1 g/L; initial concentration of dye:
15 mg/L
*OH played the main role in the degradation of rhodamine B.
B/BiOCI rhodamine B optimum reaction time: 100 min; dosage of visible light 81.5 [154]
catalyst: 0.4 g/L; initial concentration of dye:
20 mg/L
*Oo~ played the main role in the degradation of rhodamine B.
C/BiOl methyl orange optimum reaction time: 60 min; dosage of visible light 99.8 [155]
catalyst: 0.1 g/L; initial concentration of dye:
10 mg/L.
‘02~ and holes played the main role in the degradation of methyl orange.
In-BiOl methyl orange optimum reaction time: 120 min; dosage of visible light 96.0 [150]

catalyst: 0.1 g/L; initial concentration of dye:

10 mg/L.

‘02~ and holes played the main role in the degradation of methyl orange.

Heterojunctions, Schottky junctions, Z-schemes and sur-
face plasmon resonance effect: Heterojunctions, which are the
interfaces between two different semiconductors, increase the
charge carrier separation efficiency with increased kinetics and
strong redox ability. This enhances the photocatalytic capabili-
ties of photocatalysts [101,119,156-161]. Depending on how the
semiconductors are connected, heterojunctions can be divided
into three types, namely type-I staggered gaps, type-II strad-
dling gaps, and type-III broken gaps. In a broken gap, the bands
do not overlap whereas in a staggered gap, the bandgaps of two
semiconductors overlap and may cause band discontinuity. The
straddling gap heterojunction system is recognised as the stan-
dard heterojunction system where the band edges of one semi-
conductor are lower than those of the second semiconductor
[119,156]. The conduction band position of semiconductor Y is
highly negative relative to semiconductor X in type-II hetero-
junction systems. Conversely, the valence band potential of
semiconductor X is highly positive. After being exposed to

visible light, electrons from semiconductor Y's conduction band

move to semiconductor X's conduction band while holes from
semiconductor X's valance band move to semiconductor Y's
valance band, effectively separating the photogenerated carriers
[162].

According to Chae et al. [163], a heterojunction WO3-BiVOy,
composite demonstrated excellent photocatalytic activity with
optical properties that were more effective than those of the
pure individual components. Li et al. [164] also created a
core—shell heterojunction nanocomposite made of BiFeO3 and
TiO; for the degradation of textile dye. The authors reported a
70% degradation of Congo red dye after 70 min of visible-light
irradiation, which they attributed to an improvement in quan-
tum efficiency caused by the efficient separating of holes and
electrons. Charge carriers are oxidised and reduced at sites with
reduced electric potential when they are separated by type-II
heterojunctions, which, according to Low et al. [165], decreases
the charge carrier separation efficiency and the redox ability of

the photocatalyst.
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The shortcomings of heterojunction systems have been over-
come by Z-scheme photocatalysis systems, surface plasmon
resonance effect, and Schottky junctions. An innovative method
for further enhancing sunlight-driven photocatalytic perfor-
mance in comparison to conventional heterojunction compos-
ites is to develop a Z-scheme photocatalytic system. Li et al.
[42] constructed spindle-shaped BiVO4-RGO-g-C3Ny
Z-scheme photocatalysts for the highly effective degradation of
antibiotics. The 1-D Z-scheme ternary nanocomposites had a
very high photooxidation response. According to the authors,
ciprofloxacin and tetracycline were degraded by 94.8% and
81.1% after 1 h, respectively.

Another strategy for overcoming constraints such as low charge
migration and the unpredictable direction of charge diffusion is
the construction of a Schottky junction. A Schottky junction can
be created at the interface between the semiconductor and a
noble metal with an appropriate work function. A unidirec-
tional charge transfer is enabled by the Schottky potential
barrier, increasing charge density and separation [72]. Shen et
al. [166] created a Schottky junction by synthesising NiSe;
nanosheets on top of BiVO,4 nanosheets using a facile solvo-
thermal technique. An intrinsic electric field is created at the
interface as a result of the active migration of electrons from
BiVO, to NiSe,. This improves the separation efficiency of the
photogenerated carriers, and the interaction at the interface
lowers the bandgap of BiVOy, which in turn improves the pho-
tocatalytic activity of the nanocomposites.

Beilstein J. Nanotechnol. 2023, 14, 291-321.

Additionally, to maximise the effectiveness of the transfer/sepa-
ration of photogenerated carriers, noble metals (such as Pt, Ag,
and Au) are typically used to induce surface plasmon resonance
effects in photocatalysts [146]. However, using noble metals
in small or medium-sized industrial water treatment plants
will be rather expensive. Recently, bismuth demonstrated a
clear surface plasmon resonance effect, indicating the possibili-
ty of substituting it for noble metals. Because of the intrinsic
photocatalytic characteristics of bismuth, other semiconductors
can be used with it to achieve better performance. In a recent
study, Chava et al. [167] synthesised bismuth quantum
dots anchored to 1-D cadmium sulfide as a plasmonic photocat-
alyst using a facile solvothermal procedure. To create hetero-
structure nanorods, Schottky contacts between 1-D CdS and
0-D Bi components were developed. The bandgap values were
altered, and the absorption in the visible-to-infrared range
was enhanced after the deposition of Bi quantum dots on CdS.
To degrade the antibiotic tetracycline, a Bi/CdS heterostructure
photocatalyst was used. The optimised photocatalyst showed a
maximum photocatalytic degradation activity of 90% under
visible-light irradiation in 1 h, which is higher than the 52%
achieved by pure CdS under the same conditions. The
improved photocatalytic degradation efficiency is attributed to
the surface plasmon resonance effect, doped Bi3* ions, the
Schottky potential barrier, and efficiently separated photoin-
duced charge carriers. Table 8 provides a summary of the
research on heterojunction photocatalysts for the degradation of

antibiotics.

Table 8: Bi-based nanocomposite/heterojunction photocatalysts for antibiotic remediation.

Photocatalyst Target antibiotic Optimum experimental conditions ~ Source of light Degradation (%) Ref.
Remarks on active species
Azadirachta indica leaf amoxicillin optimum reaction time: 300 min; visible light 93.2 [168]
extraction/BiOBrg 2l g trihydrate dosage of catalyst: 1 g/L; initial

concentration of antibiotic: 20 mg/L
The prime active species are h* and *O»~ while *OH radicals play a minor role during the photocatalytic process.
BioWOg/C-dots/TiOz levofloxacin optimum reaction time: 90 min; sunlight 99.0 [169]

dosage of catalyst: 0.075 g/L; initial
concentration of antibiotic: 10 mg/L

The "OH radicals play a key role in the degradation process while h* and e~ contributed to the production of the active species.

Ag/AgBr/BiVO, ciprofloxacin

optimum reaction time: 120 min;

initial concentration of antibiotic:

10 mg/L

Hydroxyl radicals, h*, and ‘O>~ were the main species that contributed to the degradation process

BiVO4/TiO2/RGO tetracycline,
chlortetracycline,
oxytetracycline,

doxycycline

optimum reaction time: 120 min;
initial concentration of antibiotic:
10 mg/L, pH 3

visible light ~ 91.4 [126]
visible light ~ 96.2, 97.5,98.7, [170]
99.6

Both *Oo~ and *OH were the key species that participated in the photocatalytic degradation process.
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Table 8: Bi-based nanocomposite/heterojunction photocatalysts for antibiotic remediation. (continued)

g-C3N4/BiOBr on carbon tetracycline optimum reaction time: 120 min; visible light 86.1 [171]
fibre g-C3Ny4 nanosheets (thickness: ca.

30 nm, diameter: 0.4—1.0 ym) and

BiOBr layer (thickness: ca. 25 nm,

diameter: 200-500 nm); carbon

fiber: (area: 5 x 5 cm2, weight:

0.15 g); initial concentration of

antibiotic: 20 mg/L
*OH, h* and *O,~ were revealed to have participated in tetracycline degradation.
BioO3-TiOo/activated sulfamerazine optimum reaction time: 120 min; visible light 95.5 [172]
carbon dosage of catalyst: 1 g/L; initial

concentration of antibiotic: 20 mg/L
h* and *O»~ participated in sulfamerazine degradation.
biochar@ZnFe,0,4/BiOBr, ciprofloxacin optimum reaction time: 60 min; visible light 65.26, 47.1, [128]
biochar@BiOBr, dosage of catalyst: 0.5 g/L; initial 48.76
ZnFe>04/BiOBr concentration of antibiotic: 15 mg/L

The results from the scavenger experiments revealed that radical h*, *OH, and “O»™ radicals contributed to the photocatalytic

degradation process.

Agl/BigV20O1 1 sulfamerazine optimum reaction time: 60 min; visible light 91.47 [173]
dosage of catalyst: 1 g/L; initial
concentration of antibiotic: 10 mg/L
*OH, h* and *O,~ were all involved in sulfamerazine degradation.
BiOCl/g-C3N4/CusO/Fe3z0y4, sulfamethoxazole optimum reaction time: 120 min; visible light Xe: 99.5; [129]
BiOCl/g-C3N4/Cu20, dosage of catalyst: 0.2 g/L; initial (Xe) and sunlight: 92.1,
BiOCl/CuyO/Fe30y4, concentration of antibiotic: 25 mg/L  sunlight 85.3, 83.8, 80.7,
BiOCl/g-C3N4/Fe30y, 63.5, 59.4
BiOCl/g-C3N4, BiOCI/Cu20
The main reactive species identified through scavenging tests were *O>~ and *OH.
BisWOg/g-C3N4 ceftriaxone sodium  optimum time: 120 min; dosage of  visible light 94.5 [174]
catalyst: 1 g/L; initial concentration
of antibiotic: 10 mg/L
h* and *O,~ radicals played a more significant role in the photocatalytic process then "OH.
Agl/BiOIO3 tetracycline, optimum reaction time: 350 min; visible light tetracycline: [175]
chlortetracycline dosage of catalyst: 0.5 g/L; initial 45.3,
concentration of antibiotic: 10 mg/L chlortetracycline:
39.1

From BiOIO3, h* cannot sufficiently oxidise HoO molecules to form *OH radicals. While the h* in Agl oxidises OH~ to produce ‘OH
radicals, the electrons in Agl converted O» to radical ‘Oo~. All contributed to the degradation.

BiOBI/Bi>S3, BiOBr ciprofloxacin, optimum reaction time: 60 min; indoor 97.2, 89.28, [176]
ofloxacin dosage of catalyst: 1 g/L; initial fluorescent 52.1, 44.21
concentration of antibiotic: 20 mg/L  light

‘O~ and h* were shown to be the primary degrading species in scavenger experiments.

Bismuth nanocomposites: A nanocomposite is a multiphase
material (typically a solid) with one to three dimensions of less
than 100 nm, where one of the phases has different properties
due to differences in chemistry and structure. Following the
formation of the nanocomposite, its properties are often en-
hanced and significantly different from those of the compo-
nents. Fascinatingly, nanocomposite photocatalysts allow for

the integration of multiple functions derived from various types

of nanocatalysts, such as semiconductor nanoparticles,
plasmonic metals, and carbon-based and magnetic oxides, into
the same host matrix. This enables effective tuning of the
photocatalytic characteristics of the final nanocomposite
by extending the lifetime of the photogenerated carriers. It
makes the catalysts recoverable by using external magnets and
extends the range of absorption to the visible region for photo-

catalysis.
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According to [177-180], a junction between carbon-based and
semiconductor materials can effectively prevent charge carriers
from recombining, increasing the photoactivity of BiFeO3. For
instance, Wang et al. [180] synthesised spindle-like g-C3Ny/
BiFeO3; nanosheets, and the nanocomposite successfully
degraded methyl orange by 75% under visible light, which is
better than g-C3N4 or BiFeOs3 alone. BiFeOs3-graphene nano-
composites were made using a hydrothermal process by Lam
and co-workers [177]. Under visible-light photocatalysis, the
nanocomposite efficiently degraded Congo red dye. The im-
proved performance was attributed to the altered bandgap be-
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tween graphene oxide and BiFeOj3. Table 9 provides a summary
of the research on Bi-based nanocomposite photocatalysts for

the degradation of dyes.

Operational parameters influencing the
photocatalytic efficiency of bismuth-based
nanomaterials

In addition to the structure and properties of the photocatalysts
used in pollution remediation, other crucial operational factors
affect how well they perform. These parameters need to be in-
vestigated and optimised to scale up the process to design a

Table 9: Bi-based nanocomposite/heterojunction photocatalysts for remediation of dye pollution.

Photocatalyst Target dye pollutant
Remarks on active species

Optimum experimental conditions

Source of light Degradation (%)  Ref.

BiOI/BioO4 rhodamine B optimum reaction time: 32 min; visible light 97.3 [130]
dosage of catalyst: 0.5 g/L; initial
concentration of dye: 10 mg/L

‘02~ and h* were the main active species during the photocatalytic degradation process.

BigTizO12/C3Ng4 rhodamine B optimum reaction time: 120 min;  visible light 100 [131]
dosage of catalyst: 0.1 g/L; initial ~ (xenon lamp)
concentration of dye: 10 mg/L

‘05~ and h* were the main active species during the photocatalytic degradation process.

BioO2CO3/g-C3Ng  rhodamine B optimum reaction time: 45 min; visible light 91 [135]
dosage of catalyst: 0.7 g/L; initial
concentration of dye: 10 mg/L

h* and *OH were the main active species during the degradation process while ‘O~ had only a small effect.

Azadirachta indica methyl orange optimum reaction time: 80 min; visible light 100 [168]

leaf dosage of catalyst: 1 g/L; initial

extract/BiOBr olg g concentration of dye: 20 mg/L

‘0o~ and h* were the main active species during the photocatalytic degradation process.

Callistemon methylene blue optimum reaction time: 300 min visible light 82 [181]

viminalis

extract/BiVO,

‘027, h* and "OH were the main active species during the photocatalytic degradation process.

BiOClg.6/Zn0Og 4 rhodamine B optimum reaction time: 140 min; visible light 100 [182]
dosage of catalyst: 1 g/L; initial (halogen lamp)
concentration of dye: 40 mg/L

The main active species during the photocatalytic degradation process were *Os~ and *OH.

BiOBr-BiOl rhodamine B optimum reaction time: 60 min; visible light 90 [183]
dosage of catalyst: 1 g/L; initial
concentration of dye: 14.4 mg/L

The main active species during the photocatalytic degradation process were ‘Oo~ and *OH.

TiO2/BixO3 orange Il optimum reaction time: 180 min; visible light 94.7 [184]
dosage of catalyst: 1 g/L; initial (halogen tungsten
concentration of dye: 5 mg/L lamp)

The main active species during the photocatalytic degradation process were *O>~ and *OH.
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Table 9: Bi-based nanocomposite/heterojunction photocatalysts for remediation of dye pollution. (continued)

BiOCI-Bi/TiO2 methylene blue

optimum reaction time: 120 min;
dosage of catalyst: 1 g/L; initial
concentration of dye: 20 mg/L

sunlight 97 [138]

Hydroxyl radicals, h*, and “O>~ played key roles during the photocatalytic degradation process.

BiOI/Agl/g-C3Ngy methyl orange

optimum reaction time: 30 min; 95.2 [139]
dosage of catalyst: 1 g/L; initial

concentration of dye: 10 mg/L

visible light

Hydroxyl radicals, h*, and "O>™ played key roles during the photocatalytic degradation process.

AgsW,4016/AgBiW, methylene blue

optimum reaction time: 40 min; uv 82.5, 60 [185]

Og/BisWOg, dosage of catalyst: 1 g/L; initial
AgBiW20g/BixsWOg concentration of dye: 10 mg/L
Considering the values of the potentials of the conduction and valance bands, e, h*, and *OH contributed to the degradation
process.
Au-BiVOy4 methylene blue optimum reaction time: 360 min; UV-vis light 95 [186]
dosage of catalyst: 40 mL
suspended nanoparticles/L; initial
concentration of dye: 0.5 mg/L
BiosWOg/g-C3Ng rhodamine B, methyl optimum reaction time: 80 min; visible light 99.9, 99.8, 99.8 [174]
orange, methylene dosage of catalyst: 1 g/L; initial
blue concentration of dye: 10 mg/L
h* and *O»~ contributed more to the photocatalytic process than "“OH.
Agl/BiOIO3 methyl orange optimum reaction time: 150 min; UV and visible 94.7, 48 [175]
dosage of catalyst: 0.5 g/L; initial ~ light

concentration of dye: 6.6 mg/L

Because the valence band of BiOlO3 has a lower potential than the redox potential of “OH/H>0O (2.38 eV), h* cannot sufficiently
oxidise HoO molecules to form *OH radicals. While the h* in Agl oxidises OH™ to produce ‘OH radicals, the electrons in Agl can

convert Oo to a radical O, which took part in the degradation.

system that is cost-effective, energy-efficient, and effective in
treating water. Some of the factors that can affect the perfor-
mance of the photocatalysts include the pH value of the
effluent, the dosage of the photocatalyst, the initial concentra-
tion of the target pollutant, the dosage of oxidants, and the type

of light source.

To lower the overall cost of water treatment, the photocatalyst
must be effective under all types of light, including direct
sunlight, UV light, and simulated sunlight. Several Bi-based
photocatalysts are visible-light-driven because of the bandgap,
making them useful in a variety of situations. The solution pH
value is a critical parameter when it comes to the photocatalytic
degradation of textile dyes and antibiotics. The point of zero
charge (pHp,) of the photocatalysts, the effluent matrices, and
the speciation of the target pollutants at various pH values all
affect how well the photocatalytic process degrades pollutants.
To avoid additional cost associated with pH adjustment of the
effluent, an effective photocatalyst needs to function excel-

lently at all pH values. For instance, electrostatic repulsion may

reduce the effectiveness of the degradation process if the
photocatalytic experiment is carried out at a pH value at which
photocatalyst and pollutant species have the same surface
charge.

For instance, lower removal efficiencies for both ciprofloxacin
and ofloxacin were recorded at a highly basic pH [187] using a
magnetic Bi;WOg-biochar composite with a pHy,. of 6.75. The
best performance was at pH 7. Since both antibiotics and photo-
catalyst were negatively charged at a basic pH, electrostatic
repulsion between them was thought to be the cause of this. A
higher degradation efficiency was noted at basic pH using
Bi,WOg to degrade norfloxacin under simulated sunlight [188].
The higher removal was attributed to a potential reaction be-
tween the photogenerated holes and hydroxyl ions at basic pH,
which may have produced more hydroxyl radicals, enhancing
the photocatalytic reaction. These results unequivocally demon-
strate the significance of the pH value in the degradation
process and the necessity to fine-tune the photocatalysts to

make them functional at all pH values.
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The removal effectiveness and rate of photocatalytic degrada-
tion processes are significantly influenced by the amount of
photocatalyst added to the effluent solution before treatment. In
general, as the dosage of the photocatalyst is increased, the pho-
tocatalytic degradation efficiency rises as well, until an
optimum point is reached where adding more photocatalysts has
no further effect on the degradation efficiency. More active sites
are provided in the effluent solution with the addition of more
photocatalysts to the treatment reactor, which favours the pro-
duction of more photoinduced carriers. The turbidity of the
solution as well as the light scattering effect of the photocata-
lyst, however, may cause a decrease in the degradation effi-
ciency when the amount of photocatalyst is above the optimal
dose [157-162]. In addition to achieving maximum efficiency,
using the optimum photocatalyst dose will also be very cost-

effective.

Lower concentrations of antibiotics (nanograms per litre
to micrograms per litre) have been found in environmental
media, whereas the majority of textile effluents contain multiple
pollutants at varying concentrations. Therefore, the photocata-
lyst and treatment system must be efficient to treat water with
varying concentrations of contaminants. Both the effectiveness
and kinetics of the photocatalytic processes are significantly
influenced by the initial concentration of pollutants. Both direct
and inverse relationships between the initial concentrations of
the pollutants and the degree of their removal have been
reported. Anwar et al. [189], for instance, reported that the
photocatalytic degradation performance of both pollutants
decreases with increasing initial concentrations of paracetamol
and methylene blue dye. The decrease in the removal was
attributed to the fact that high concentrations prevent light
dispersion into the solution. An increase in the concentration of
pollutant molecules adsorbed on the catalyst surface while the
catalyst dosage is unchanged and the generation of reactive
species is constant could be another factor causing the decrease
in photocatalytic degradation rate with increasing concentra-
tions.

A similar trend was reported by Huang and co-workers [190].
According to the authors, the percentage of photocatalytic
degradation using a hierarchical Z-scheme AgBr-Bi,WOgq
photocatalyst decreased from 88% to 54% when the concentra-
tion of tetracycline was increased from 20 to 60 mol/L. The
decrease in efficiency was attributed to two causes: First,
it is more difficult for photons to reach the photocatalyst at
higher concentrations, which resulted in a decrease in the
production of oxidant radicals and, as a result, a decrease in
the degradation performance. Second, the number of intermedi-
ate products formed at higher concentrations increased,

competing with tetracycline molecules and decreasing the effi-
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ciency of the photocatalytic reaction. To design a water treat-
ment system that works effectively, the aforementioned parame-
ters must be studied at both laboratory and industrial-scale reac-

tors.

Photocatalysis mechanism for bismuth-based
photocatalyst and degradation pathway of
target pollutant molecule

Understanding the degradation mechanism and the degradation
pathway of the pollutants is crucial for designing an efficient
photocatalyst and photocatalytic water treatment system. A less
efficient and unstable photocatalyst may cause the nanocatalyst
to leak into the environment and more hazardous intermediates
to be produced. To understand the photocatalytic mechanism
and speculate on potential heterojunction configurations for the
photocatalysts, it is crucial to understand their optical character-
istics, surface chemistry, and energy band structures. The struc-
ture of the molecule, the type and strength of its molecular
bonds, the pH of the solution, the nature of reactive oxygen
radicals, and the type of other pollutants in the system will all

affect the degradation pathway.

Several simultaneous or sequential processes take place during
the degradation of organic pollutants. The most frequently
noticed reactions include the oxidative degradation of ring
structures, hydration, dimerization, electron or charge transfer,
hydroxylation, replacement, transformation, and rearrangement.
In general, active reactive oxygen species (ROS) or photogener-
ated charge carriers may first remove a proton from a pollutant
molecule or replace leaving groups such as halides for hydroxyl
groups. Second, the bonds in organic pollutants that are particu-
larly susceptible to degradation or those with less stereo-
hindrance can be attacked by ROS or photogenerated charge
carriers. Furthermore, smaller rings or cyclic structures, includ-
ing three- to six-membered monocyclic compounds, are rapidly
destroyed by ROS attacks due to the high ring strains. Radicals
can combine to produce more resistant chemical species or
unstable chemical species that can be further attacked by ROS

to yield mineralized products.

For additional clarification, Figure 5 shows how typical antibi-
otics undergo bond breaking and degradation in bismuth-based
photocatalysis. The antibiotic sulfamethoxazole, as an example,
has a 4-aminobenzenesulfonamido group at the oxazole
moiety's third position and a methyl substituent at the fifth posi-
tion. The S-N bond is thought to be particularly susceptible to
*0,~ attack (indicated as route 1), and ROS attack can readily
disintegrate the oxazole ring (marked as route 2). Meanwhile,
numerous reports have also been made on the hydroxylation of
the benzene ring and the associated NH, (routes 3 and 4)
[191,192].
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(1) s-N cleavage
(2) Oxazole ring opening
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Figure 5: Photocatalytic degradation pathways of antibiotics by bismuth-based photocatalyst. (Adapted from [191], Environmental Research, Vol. 199,
by K. Qin; Q. Zhao; H. Yu; X. Xia, J. Li; S. He; L. Wei; T. An, “A review of bismuth-based photocatalysts for antibiotic degradation: Insight into the pho-
tocatalytic degradation performance, pathways and relevant mechanisms “, Article No. 111360, Copyright (2021), with permission from Elsevier. This

content is not subject to CC BY 4.0.)

Bi;WOg/AglO3 nanosheets were synthesised using a two-step
hydrothermal process, according to recent research by Liu et al.
[143] for the photocatalytic degradation of rhodamine B dye.
The researchers stated that the degradation of rhodamine B dye
by Bi;WOg¢/AglO3 nanosheets follows an S-scheme heterojunc-
tion mechanism (Figure 5a) during based on the electron spin
resonance spectroscopy (ESR) result and relative energy band
structure (valence and conduction bands).

The degradation mechanism may involve type-II heterojunc-
tions, S-scheme heterojunctions, or Z-scheme heterojunctions,
depending on the direction of electron—hole transmission.
Specifically, when the Bi,WOg¢ and AglOj are activated by
visible-light irradiation, electrons are transported from the
valence band to the conduction band, leaving an equivalent
number of holes in the valence band. The electrons in the
conduction band (CB) of BiWOg were moved to the CB of
AglO3 because its CB is more negative than that of AglOj3. In
contrast, the position of the AglO3 CB is greater than that of
0,/°05™ (-0.33 eV vs NHE). Based on this finding, AglO3; CB
electrons are unable to convert O, to O, -, which is a limitation.
However, the ESR results and radical trapping tests revealed

that the major reactive radical in the photocatalytic experiments

is Oy~ Hence, Bi;WOg/AglO3 is not compatible with the type-
II heterojunction mechanism but with the S-scheme heterojunc-
tion mechanism. As seen in Figure 6a, when both semiconduc-
tors are in contact, the BiyWOgq electrons migrate over the inter-
face to AglOj until the Fermi energy levels are equal. At the
interface, an intrinsic electric field is created to stop further
electron transmission. As a result, the S-scheme heterojunction
mechanism boosted the redox capability of the Bi,WOg/AglO3
heterojunction, which greatly aided the photocatalytic decom-

position of rhodamine B.

The degradation pathways for fluoroquinolone antibiotics
(ciprofloxacin and norfloxacin) utilizing a metal-doped Bi, WOg
photocatalyst were identified by LC-MS/MS in another investi-
gation by Zhu and co-workers [110]. In addition to additional
peripheral moieties, ciprofloxacin has a quinolone moiety as its
main functional group. The photocatalytic degradation of
ciprofloxacin followed two pathways as depicted in Figure 6b
and resulted in the identification of seven major intermediates
by the authors. The loss of the —C,H3N group, the fluorine
atom, and the formaldehyde group, as well as the oxidation of
the cyclopropyl and piperazine groups, served as indicators of

the intermediates.
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Figure 6: (a) Photocatalysis mechanisms of bismuth-based nanosheets via S-scheme heterojunction and type-Il heterojunction systems (Figure 6a
was adapted from [143], Ceramics International, Vol. 48, Issue 17, by Z. Liu; H. Wang; J. Duan; B. Hou, “An S-scheme heterojunction of BioWOg/
AglO3 nanocomposites that enhances photocatalytic degradation of Rhodamine B and antifouling properties”, Pages 24777—24787, Copyright (2022),
with permission from Elsevier. This content is not subject to CC BY 4.0.). (b) The degradation pathways of ciprofloxacin by Mg-doped Bi,WOg

(Figure 6b was adapted from [110], Chemosphere, Vol. 252, by F. Zhu; Y. Lv; J. Li; J. Ding; X. Xia; L. Wei; J. Jiang; G. Zhang; Q. Zhao, “Enhanced
visible light photocatalytic performance with metal-doped BioWOg for typical fluoroquinolones degradation: Efficiencies, pathways and mechanisms®,
Article No. 126577, Copyright (2020), with permission from Elsevier. This content is not subject to CC BY 4.0.)

The majority of studies on the degradation of dyes or antibiot-
ics showed that these pollutants were effectively destroyed by
the active species produced from compounds based on bismuth,
but some researchers also insisted that those organic pollutants
could not be fully mineralized and eventually converted into
intermediates or metabolites. For instance, Chu et al. [193]
found that despite a 97% removal rate being recorded, only
31% of the total organic carbon was eliminated after 6 h of irra-
diating tetracycline (20 mg/L) with 0.5 g/L of Bi;WOg¢. By
using LC-MS/GC-MS, a total of eight intermediates were iden-

tified. The primary intermediates were thought to be the
by-products of the reaction between photogenerated hydroxyl
radicals and holes, which led to the loss of amino, hydroxy, and
N-methyl groups, as well as to a rearrangement process. Even
though several reports have shown the degradation pathways
inferred after analysis of the degraded products, these
researchers have not reported the toxicity of the by-products,
particularly for those that are not fully mineralized. Some of
these intermediates may be more toxic than the parent com-

pound. To clarify the transformation and toxicity of the interme-
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diates of bismuth-based photocatalysts, more research is re-

quired.

Issues, challenges, and potential solutions

There are still some difficulties with several types of nanostruc-
tured bismuth-based photocatalysts despite their outstanding
performance and widespread application in water remediation.
In addition to discussing some current problems and challenges,

this article also offers some potential solutions.

1. Solubility and stability at low pH: One of the difficul-
ties with some bismuth salts is that they are unstable at
low pH values and have low solubility constants, making
them insoluble in aqueous solutions. Mineral acids, such
as nitric acid or sulfuric acid, usually dissolve these com-
pounds. The bismuth salt has been dissolved by some
researchers using strong acids with concentrations as
high as 5 M, which may further compromise its stability.
The use of a combination of low concentrations of min-
eral acids and organic acids, such as citric acid or acetic
acid, to dissolve the commonly used bismuth salts should
be investigated in further studies.

2. Nature of light source used for photocatalysis: Several
reports have used laboratory-scale UV-visible light
lamps or bulbs or solar light simulators as sources of ir-
radiation for the Bi-based photocatalysts during photo-
catalytic remediation of polluted water. Even though the
majority of Bi-based photocatalysts have bandgaps that
are suitable for direct sunlight irradiation, very few
studies have been performed using this type of illumina-
tion. As a result, it is recommended that direct sunlight
be used for photocatalysis rather than artificial solar light
since it offers a more practical application and uses less
energy. The majority of researchers also did not compute
or present the actual light intensity that reached the
effluent solution during treatment. This is encouraged to
make it simple to scale up laboratory reactors to effi-
cient field and industrial treatment units. Additionally,
the majority of the studies lack actual photographs and
detailed descriptions of the reactors that were used. This
merits careful consideration because they offer a reliable
basis for comparing photocatalysts.

3. Multiple pollutants in lab settings and real waste-
water: The majority of studies only use one antibiotic or
dye solution, which is far from the truth because waste-
water (real effluents) frequently contains a mixture of
dyes, dispersing agents, multiple pharmaceuticals, heavy
metals, suspended solids, and surfactants. Therefore, the
focus should be placed on researching the photocatalytic
degradation of real wastewater and multipollutant solu-

tions at the laboratory scale.
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4. Insufficient experimental details: It has been noted that

some researchers fail to provide a thorough account of
their experimental procedures. Information such as the
initial concentration of the target pollutant, photocatalyst
dosage, solution pH, and reactor specifications, is often
missing, which makes it difficult to compare their work
fairly to that of other researchers.

. Instrumental analysis for trace concentration: To esti-

mate the degree of antibiotic degradation, the majority of
researchers used UV-vis spectrophotometers. However,
this instrument is less accurate when estimating trace
levels of antibiotics, and there is also a significant chance
that the antibiotics will oxidise to form more toxic inter-
mediates that cannot be detected by UV—-vis spectropho-
tometers. The percentage of total organic carbon re-
moved from the analyte solution must be measured for
fair comparison and an accurate assessment of the degree
of degradation because this is an important indicator of
how much the antibiotics are being mineralized. Future
research should also examine the photocatalyst perfor-
mance in both trace and concentrated dye solutions when
using Bi-based photocatalysts to purify dye-polluted
water.

. Recovery of powdered photocatalysts and toxicity:

Some of the nanopowder catalysts may escape and be
discharged into the environment when nanostructured
Bi-based photocatalysts are used to remediate pollutants.
The production of reactive oxygen species and radicals
might be hazardous to living organisms. There is
presently no information on the toxicity of nanostruc-
tured Bi-based photocatalysts. Therefore, it is advised to
produce magnetically recoverable nanostructured photo-

catalysts and do additional research on their toxicity.

. Recombination rate of photoinduced carriers:

Another problem is the recombination of holes and elec-
trons, which lowers the photocatalytic performance.
Tuning the energy bandgap, creating Schottky junctions
or type-II heterojunction systems, using the Z-scheme,
modifying the morphology, or using surface plasmon
resonance are some of the methods used to overcome
this particular problem. Future research should concen-
trate on combining these strategies to create a stable and
remarkably exceptional photocatalyst. The majority of
the 0-D quantum dot photocatalysts exhibit lumines-
cence and other distinctive characteristics. Therefore,
more research should focus on the development and use
of low dimensional Bi-based photocatalysts.

Conclusion and Perspectives
Numerous studies have demonstrated that the distinctive physi-

cochemical and optical characteristics and the electronic band

315



structures of bismuth-based nanostructure photocatalysts yield
extraordinary photocatalytic activity under both visible and UV
light. Numerous bismuth-based photocatalysts have also been
extensively studied for their potential in detecting contaminants
in the environment and addressing energy issues. There are still
several challenges despite their outstanding photocatalytic per-
formance. Although significant work has gone into improving
the photocatalytic activity of bismuth-based photocatalysts, sig-
nificant constraints regarding their application in the field of
photocatalysis cannot be overlooked. In addition to describing
problems and recent developments in photocatalysis, this article
critically evaluates recently published research on nanostruc-
tured bismuth-based photocatalysts specifically for the remedia-
tion of water contaminated with textile dye and antibiotics.
Researchers working on photocatalysts driven by visible light
for efficient treatment of emerging trace contaminants may find

the review work to be a useful resource.

Here, we have covered the fundamental workings of the photo-
catalytic process as well as the specifications for efficient
photocatalysts. Outstanding visible-light activity, high stability,
the capacity to efficiently separate and transfer photogenerated
carriers with a low recombination rate, non-toxicity, adequate
reusability, facile separation, and recovery after use are all
requirements for a reliable and efficient photocatalyst. BiFeOs,
Bi;WOg, and BiySj are a few of the bismuth-based photocata-
lysts that have fascinating physicochemical characteristics and
favourable bandgap values (1.5-2.8 eV), which enables them to
be activated by visible light in contrast to TiO, and ZnO semi-
conductors, which are often used and have wide bandgap values
(>3.0 eV). Though some of the bismuth-based photocatalysts
have intriguing characteristics, they nevertheless have a few
drawbacks, such as rapid charge carrier recombination, delayed
charge carrier migration, and low light absorption. Innovative
low-energy synthesis techniques, morphological modulation,
surface engineering, and bandgap tuning have been used by
various groups to reduce these limitations. In this review, recent
methods for creating extremely effective Bi-based photocata-
lysts are explored, including the creation of hybrid Schottky
junctions and Z-scheme heterosystems. The review also looks at
other operational parameters affecting the photocatalytic pro-
cesses of Bi-based compounds used in water treatment. Al-
though the majority of the experiments with Bi-based photocat-
alysts have used solar light simulators at the laboratory level,
more thorough research into the use of direct sunlight and larger
reactors with full specifications is advised to scale up its use
and commercialization. This review is expected to pave the way
for scientists to further develop Bi-based nanomaterials for the
use in other processes, such as pollution sensing, photovoltaic
systems, green energy harvesting and conversion, and catalytic

systems other than photocatalytic processes.
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Abstract

TiO, nanoparticles were synthesized by laser pyrolysis from TiCly vapor in air in the presence of ethylene as sensitizer at different
working pressures (250—-850 mbar) with and without further calcination at 450 °C. The obtained powders were analyzed by energy-
dispersive X-ray spectroscopy, X-ray photoelectron spectroscopy, X-ray diffractometry, and transmission electron microscopy.
Also, specific surface area and photoluminescence with optical absorbance were evaluated. By varying the synthesis parameters
(especially the working pressure), different TiO, nanopowders were obtained, whose photodegradation properties were tested com-
pared to a commercial Degussa P25 sample. Two series of samples were obtained. Series “a” includes thermally treated TiO; nano-
particles (to remove impurities) that have different proportions of the anatase phase (41.12-90.74%) mixed with rutile and small
crystallite sizes of 11-22 nm. Series “b” series represents nanoparticles with high purity, which did not require thermal treatment
after synthesis (ca. 1 atom % of impurities). These nanoparticles show an increased anatase phase content (77.33-87.42%) and crys-
tallite sizes of 23—45 nm. The TEM images showed that in both series small crystallites form spheroidal nanoparticles with dimen-
sions of 40-80 nm, whose number increases with increasing the working pressure. The photocatalytic properties have been investi-
gated regarding the photodegradation of ethanol vapors in Ar with 0.3% O, using P25 powder as reference under simulated solar
light. During the irradiation H; gas production has been detected for the samples from series “b”, whereas the CO; evolution was

[TPel]

observed for all samples from series “a”.
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Introduction

Semiconductor materials are widely used, from electronic com-
ponents to substances that catalyze decomposition processes.
They have a bandgap that varies from one material to another.
Titanium dioxide is a semiconductor material and has been in-
vestigated, at first, for solar cells [1-4] and as optoelectronic
component [5-7]. In recent years, it has been found that TiO,
shows a high photocatalytic efficiency in the decomposition of
pollutant substances such as dye wastewater [8-11], soiling
[12], and harmful organic materials [13-15]. Also, TiO,
powders show promising results for the decomposition of
ethanol in various environments [16-18]. Moreover, investiga-
tions have shown the possibility for applying TiO; in hydrogen
production by water decomposition [19-23]. Given the TiO,
bandgap, it is considered a low-efficiency material in photo-
driven water splitting, because only 3% of the solar light can be
used. Different approaches were tried to reduce the bandgap
[24] by doping with, for example, nitrogen [17].

Recent investigations have shown a possible application of
TiO, for the photocatalytic production of hydrogen from water
with the aid of sacrificial agents, such as methanol, ethanol, or
glycols [21,22]. There are many studies carried out in gas and
liquid phases concerning the photodegradation of ethanol
through TiO,-based materials, targeting both hydrogen produc-
tion [25,26] and the photocatalytic oxidation of ethanol to CO,
[27,28]. Hydrogen production and depollution via ethanol pho-
todegradation are of great interest because ethanol is an inex-
pensive compound and can be produced by biomass. However,
it can be also largely found as pollutant in air and wastewater
emerging from industrial activities.

There are several pathways to convert ethanol to hydrogen,
namely thermochemical, hydrothermal electrochemical, and
photochemical methods [25]. Ethanol obtained from biomass is
a renewable resource, and hydrogen has a high energy content
and does not produce greenhouse gases by burning. Hence, it is

an ideal combustible for the future [25].

TiO, has some advantages over commonly used catalytic Pt- or
Pt-doped materials. It is inexpensive, non-toxic, stable in differ-
ent solvents and under irradiation, and it can be doped with dif-
ferent elements according to specific necessities. TiO; can crys-
talize in three different crystallographic structures, namely ana-
tase, rutile, and brookite [29,30]. The differences in crystal
structure are reflected in direct or indirect electron transitions.
The bandgaps of anatase and rutile differ only by 0.2 eV, but
can influence significantly the creation of electron-hole pairs,
resulting in an increase of the photocatalytic activity. Anatase
has a higher decomposition efficiency than rutile [14,31], while

the highest photocatalytic activity has been found in mixed ana-

Beilstein J. Nanotechnol. 2023, 14, 616—-630.

tase/rutile TiO, [13,32]. One possible explanation is that the
difference in the crystal structure and chemical bonding results
in different ionization potentials and electron affinities.
Exploiting these differences could promote the fabrication of
new devices with higher efficiency in electron—hole separation
[33].

There are a lot of methods to obtain TiO, powder, from chemi-
cal reactions in solvents [34-36] to simple oxidation at high
temperatures [37]. Every method has its particular yield and
productivity, which are in some cases extremely low compared
to a continuous flow method such as laser pyrolysis which, in
the case of the studied powders, allows for a productivity of
1 g/h with the possibility of upscaling to an industrial level by
increasing the reaction area. Another point is to find the ratio
between anatase and rutile that yields the highest photocatalytic
activity. Thus, the main scope of this study is to find the best
process parameters for the pyrolysis synthesis of TiO, powders.
Another part is to obtain powders with specific mixtures of the
crystallographic phases (anatase/rutile) that yield the highest
photocatalytic decomposition of ethanol as harmful compound
in gaseous or liquid media, that is air and wastewater.

Results and Discussion
Powder characterization

The main chemical reaction of the TiCly precursor in laser py-

rolysis in the presence of synthetic air can be described as:

TiCl4 + O, — TiO, +2Cl,. 1)

The raw TiO, powders contain some carbon (from the decom-
position of the ethylene sensitizer) and chlorine impurities,
whose amount it is greatly diminished by calcination in air at
450 °C for 5 h. To certify this, a composition investigation by
energy-dispersive X-ray spectroscopy (EDS) has been done.
Calcined TiO, powders contain titanium and oxygen and small
traces of impurities (ca. 1%). The compositions of all calcined
powder samples are presented in Table 1. Theoretically, the
ratio between O and Ti should be 2:1. However, because of
impurities and crystal structure imperfections (point defects),
there are some deviations. The small oxygen deficiency ob-
served even after calcination is related to remaining chlorine

impurities and Ti** ions that resisted calcination.

Phase composition and crystallites sizes of the TiO, powders
were investigated. The X-ray diffractograms of the obtained
powders are presented in Figure 1. The calcined TiO;, nanopow-
ders show both anatase and rutile phases, corresponding to
ICDD database powder diffraction files (PDFs) no. #04-002-
2751 and #04-008-7850, respectively.
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Table 1: Composition of the obtained TiO» powders.

Sample

TO-250-a
TO-450-a
TO-650-a
TO-850-a

TO-250-b
TO-450-b
TO-650-b
TO-850-b

Ti [atom %]

33.91
33.72
33.21
33.91

34.50
32.49
33.75
33.01

O [atom %]

65.06
65.14
65.39
65.31

64.21
67.01
65.60
65.71

Beilstein J. Nanotechnol. 2023, 14, 616—-630.

Impurities [atom %]

1.03
1.14
1.40
0.78

1.29
0.50
0.65
1.28

TO-650-a

TO-450-a

w

20 30 40 50 60 70 80
20 (degree)
(b) A TO-850-b
A
) R __RAR A AR R RR_A
ﬂ TO-650-b
AN A M A A
AJ TO-450-b
AN A S AL o~ —
” TO-250-b
A N SN A
0 30 40 50 60 70 80

20 (degree)

Figure 1: X-ray diffractograms of the TiO, powders: (a) samples of series “a” and (b) samples of series “b” (R: rutile, A: anatase).

The ratio between anatase and rutile phases has been calculated

using the equations from Spurr and Myers [38], and the medi-

um crystallite diameter has been calculated via the Scherrer

equation [39]. Both parameters are presented in Table 2. The

anatase crystal structure is dominant for the sample TO-450-a,

and this dominance decreases with increasing synthesis pres-
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sure. An exception is TO-250-a, that is, the sample synthesized
at the lowest pressure and in the presence of the highest CoHy
sensitizer flow (120 sccm). Here, the rutile crystal structure is
the main constituent. The crystallite size increases for both
phases from 14 nm and 11 nm to 22 nm for anatase and rutile,
respectively, with increasing pressure in the reaction chamber.

Table 2: The ratios between anatase and rutile and the crystallite sizes
in the powders.

Sample  Anatase [%] dcryst. [nm] Rutile [%] deryst. [nm]
TO-250-a 41.12 14 58.88 11
TO-450-a 90.74 16 9.26 11
TO-650-a 84.21 16 15.79 18
TO-850-a 64.87 22 35.13 22
TO-250-b 77.33 23 22.67 35
TO-450-b 83.30 26 16.70 37
TO-650-b 86.22 33 13.78 40
TO-850-b 87.42 25 12.58 45

The TEM analysis reveals that the TiO, crystallites tend to
arrange in bigger spherical particles (Figure 2a,b). This tenden-
cy is more pronounced as the pressure in the reaction chamber
increases. The average particles sizes for TO-250-a, TO-450-a,
TO-650-a, and TO-850-a nanopowders are 17.3, 17.0, 15.5, and
22.0 nm, respectively. These values are in good agreement with
the mean crystallites size calculated from XRD investigations.

The number of the bigger particles (60—70 nm) in the TO-850-a
powder increases, possibly due to enhanced coalescence in the
laser pyrolysis flame at the highest working pressure. Similarly,
in the “b” series, the nanoparticles contain crystallites with an
average size of 20-25 nm and spherical particles with dimen-
sions between 40 and 80 nm. The biggest spheres of the “b”
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series were identified in sample TO-450-b (Figure 2c). The
highest number of spheres compared to the total number of par-
ticles are in sample TO-850-b (7.6%) and the fewest in sample
TO-250-b (1.9%).

The HRTEM images (Figure 3) show the crystal structure of the
TO-850-a powder with point defects and some residual impuri-
ties at the particle surface. The interplanar distance of 0.32 nm
(Figure 3, right) corresponds to the ¢ axis of the rutile phase
(2.96 A from XRD measurements).

The specific surface areas of series “a” of TiO, powders ob-
tained with increasing pressure in the reaction chamber are
78.0, 82.7, 89.9, and 57.9 m?/g, respectively. The correlation
between specific surface area and particle/crystallite size is
most obvious when comparing the TO-850-a sample with those
synthesized at lower pressures. When the average particle size
increases, the surface area diminishes.

X-ray photoelectron spectroscopy (XPS) analysis was per-
formed, and the spectral alignment of the binding energy (BE)
scale was referenced to adventitious carbon at 284.8 eV [40,41].
Figure 4a shows the full survey scans of TO-250-a, TO-850-b,
and commercial TiO, (Degussa P25) samples, indicating the
presence of the expected elements Ti, O, and C. The high-reso-
lution XPS spectra of the C 1s, O 1s, and Ti 2p regions of
TO-250-a, TO-850-b, and P25 are indicated in Figure 4b—d. The
carbon region consists of three singlets with maxima located at
284.8, 286.1, and 289 eV (see Figure 4b). The highest peak lo-
cated at 284.8 eV originates from the C=C bond, followed by
the oxidized carbon forms C-O-C/C-OH (286.1 eV) and
0-C-0 (289 eV), which probably formed during the synthesis
[42]. No C 1s peak at ca. 281 eV (Ti—C bond) was observed,
suggesting that carbon does not modify the TiO, phase [43].
Figure 4c shows the Ti 2p peaks, where the Ti** 2ps3,, and

= TO-850-a|
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Figure 2: TEM images and the particle distributions: (a) TO-250-a, (b) TO-850-a, and (c) TO-450-b.
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Figure 3: The HRTEM images of the TO-850-a powder.

Titt 2p1,2 spin—orbital doublets centered at 459.4 and 464.5 eV
correspond to Ti**—0 bonds in TiO, [44-47]. The binding
energy difference between Ti** 2p;/, and Ti*" 2ps/ is 5.8 eV,
which is similar to the values reported in previous studies
[48,49]. The O 1s spectra of pure P25, TO-250-a, and TO-850-b
nanoparticles are shown in Figure 4d and were fitted with two
peaks. The peaks at binding energies of 529.9 and 530.5 eV are
attributed, respectively, to oxygen bound to Ti** and the
adsorption of —OH on the surface [50,51]. The XPS results do
not show differences between the two series of samples and do
not indicate changes regarding the variation of the nanoparticle
surfaces according to the value of the working pressure. Since
XPS analysis is a surface measurement and the samples were
calcined in air, the possibility to identify the presence of Ti3*
species and oxygen vacancies is small, but we do not exclude
the possibility that these defects are located on the TiO, surface
and that the concentration of defects is below the detection limit
of XPS [52,53]. Another explanation would be this: The sur-
face depth sensitivity of XPS is known to be 5-10 nm com-
pared to 1 pym in PL. Hence, this technique provides more
details about the species located on the surface and even subsur-
face [54]. The complementary results regarding our samples are
presented below.

One of the most crucial parts in understanding catalytic behav-
ior is the determination of the bandgap value and of shallow
donor or acceptor levels, which are localized in the vicinity of
the conduction and the valence bands. There are two ways to
obtain such knowledge, that is, from optical and luminescence

measurements. The former gives us information about electron
transitions from the lower to the higher energy levels and the
latter about the recombination between free electrons and holes.

The optical properties of the TiO, powders has been investigat-
ed by absorbance measurements. Figure 5 presents an example
of these measurements of both sample series. In the case of the
TiO, material, it is known that it can have two types of transi-
tions, namely direct and indirect transitions, which are related to
the crystal structure.

To distinguish these two types of transition, it is common to use
the Tauc plot [55-58], where the absorbance coefficient is
multiplied with the photon energy and plotted as an exponential
function of the photon energy. The value of the exponent
depends on the transition type. For indirect transitions it is 0.5
(Figure 6a), for direct transitions it is 2 (Figure 6b) [55,56]. We
presume that in our samples no forbidden transitions occur. The
absorbance coefficient was calculated using the following equa-
tion [58,59]:

0= 2303 absor;)ance , @

where d is the thickness of the measured sample.
The bandgap values for bulk anatase and rutile are 3.2 and

2.95 eV, respectively [33,57,60,61]. All calculated bandgap
values are listed in Table 3. Our values are slightly higher due
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Figure 5: Absorbance of the TiO, samples at room temperature.
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Figure 6: Example of the calculated (a) indirect and (b) direct transitions from sample series “b”.

to the blueshift with reduction of the size of the powder parti-
cles [62,63]. Indirect transitions are more common in both sam-
ple groups. The valence bands are the same in P25 and our TiO,
powders, indirect transitions have almost the same values for all
measured samples, and the differences among the values could
be due to calculus errors. In the case of direct transitions, the
values obtained in our powders are smaller. A possible explana-
tion is the smaller volume of the particles with anatase crystal
structure or the formation of shallow donor levels near the
conduction band [64,65].

Photoluminescence (PL) spectra at 260 nm excitation wave-
length are presented in Figure 7. The most important band is
the band located at 400 nm (3.10 eV), but there are some
other bands at 450 nm (2.75 eV), 465 nm (2.66 eV), and
500 nm (2.48 eV). The band at 400 nm is complex, and its
maximum shifts depending on the intensity of each
component. For example, the maximum of the 400 nm
band of the TO-250-a and TO-450-b samples are shifted to
lower energies, which is caused by the more intense PL

component in the region of longer wavelengths. Other PL
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Table 3: Calculated bandgap values.

Indirect
Sample Series “a” [eV] Series “b” [eV]
P25 3.03 3.35
TO-250 3.00 3.33
TO-450 3.07 3.37
TO-650 3.05 3.32
TO-850 3.00 3.34

Intensity (a.u.)*10*

350 400 450 500 550 600 650 700
A (nm)
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Direct

Series “a” [eV] Series "b” [eV]

3.64 3.49

3.49 3.37

3.50 3.38
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Figure 7: Photoluminescence of the TiOo powders under Agyc = 260 nm at room temperature: (a) samples of series “a” and (b) samples of series “b”.

bands represent the recombination probability at energy levels
located more deeply in the forbidden bandgap. Some of them
could be donor levels, for example chlorine atoms [66], but
most probably they are acceptor levels created by titanium
vacancies [67,68].

Band-to-band transitions have not been detected as separate PL
bands, taking into account the obtained bandgap values from the
optical properties. But, they are surely a part of the complex PL
band at 400 nm, the resolution of which into the components
requires another investigation. Oxygen and titanium vacancies
have been found. These points defects are created most proba-
bly at the surface of the powder particles because in the
HRTEM figures we do not see any dislocation or other crystal
structure modification inside the particles. Another explanation
is that photons emitted from the depth of the particles are reab-
sorbed in the superficial zone and are then reemitted. There is
also a high probability that free electrons are trapped by donor
levels (V) [65,67] and that recombination processes are taking

place at that level. This also applies to free holes trapped at
acceptor levels [68], which cannot escape as easily as electrons
from the donor level.

Generation of hydroxyl radicals

Reactive oxygen species are usually involved in the photodegra-
dation of organic compounds. For example, the hydroxyl radical
(*OH) is a strong oxidizer. The generation of (*OH) over the
samples under simulated solar light irradiation (AM 1.5) has
been evaluated according to the PL emission from 451 nm,
attributable to the presence of umbelliferone, a derivative of
coumarin resulting from the interaction with photogenerated

hydroxyl radicals.

Despite the fact that radical trapping was performed in aqueous
solution, it can be indicative for the ability of the catalyst sur-
face to generate hydroxyl radicals in the present investigated
system. The main reactions leading to (*OH) formation are the

following:
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h* + -OH (surface hydroxy group) — "OH 3)
or

O,+e — (OE )ads (on catalyst surface),

4
(og) L P2 +¢” > H0, > 2°0H,
adas
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Photocatalytic performance of the
nanopowders

These experiments have been conducted in environments with
low oxygen concentration. Ethanol vapors play a double role
here, that is, they generate hydrogen by photodehydrogenation
and also undergo oxidation to carbon dioxide and water under
the action of simulated sunlight in the presence of oxygen. The
main intermediate product in the process of hydrogen photogen-
eration is acetaldehyde as intermediate, which can be further
oxidized to CO, and H,0O, according to the following chemical

equations:
Figure 8 shows a significant ability of TO-250-a, TO-450-a,
.l C,H;OH - CH,CHO+H
TO-650-a, TO-850-a, and P 25 catalysts to generate *OH, indi- 2255 3 2> ®
cating a presumable activity for CO, generation. In contrast, the
. , . . CH,CHO +2.50, —» 2CO, + H,O0.
samples of series “b” are almost inactive. Only TO-450-b can 3 2 2 2 ©)
produce hydroxyl radicals.
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Figure 8: Generation of hydroxyl radicals under simulated solar irradiation over the investigated catalysts as a function of the time. The emission at
451 nm is characteristic to the presence of umbelliferone: (a) P25, (b) TO-250-a, (c) TO-450-a, (d) TO-650-a, (e) TO-850-a, (f) TO-250-b, (g) TO-450-

b, (h) TO-650-b, and (i) TO-850-b.
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Hydrogen generation

As can be seen in Figure 9, the H; generation performance of
the tested titania nanoparticles greatly differs. The TO-850-b
sample exhibits the highest activity for H, photogeneration,
reaching 5 pmol Hj after 3 h of reaction. The entire sequence of
TO-250-b, TO-450-b, and TO-650-b catalysts proves to have a
higher activity for H, generation than TO-250-a, TO-450-a, and
TO-650-a, which are quite close to P 25 in terms of an almost
insignificant Hy production. This clear difference between the
two catalysts series can be related to structural characteristics
providing different densities of photogenerated charges (elec-
trons) to react with protons available at the surface.

Beilstein J. Nanotechnol. 2023, 14, 616—-630.

Carbon dioxide evolution

The photo-oxidative conversion of ethanol to CO, (and water)
under simulated sunlight irradiation is depicted in Figure 10,
revealing the different kinds of behavior of the sample series
“a” and “b”. All samples of series “a” show a significant activi-
ty regarding the mineralization of ethanol in the gas phase. The
highest activity was measured for TO-250-a, which generated
around 70 pmol CO; after 3 h. All catalysts of this series exhib-
it a higher activity than P25. Also, an increase of the CO, for-
mation rate after the first hour of irradiation can be observed,
probably due to the mineralization of the previously generated
intermediates. The catalysts of the series “b” are less active than
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Figure 9: Photocatalytic Ha evolution from CoHs0H vapors over both catalyst series under simulated solar light irradiation: (a) series “a” and (b)
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Figure 10: Photocatalytic CO evolution from C2HsOH vapor over TiOo under simulated solar light irradiation: (a) series “a” and (b) series “b”.

625



P 25 regarding the mineralization to CO,. A very good correla-
tion can be established between these results and Figure 8 illus-
trating the hydroxyl radical formation. It is obvious that all cata-
lysts of the first series generate high amounts of hydroxyl radi-
cals and, consequently, trigger ethanol photomineralization. It
should be noted that the TO-450-b sample also produced
hydroxyl radicals and shows a straight increase of CO, forma-
tion after 1 h of irradiation. Probably, a longer irradiation time
would be beneficial for ethanol photomineralization over this
sample. Also, TO-650-b shows a linear increase of activity after
2 h of irradiation.

Figure 11 is illustrative for the different kinds of behavior of
the two catalyst series regarding ethanol photodegradation.
For the ethanol photodegradation carried out over the
TO-250-a, TO-450-a, TO-650-a, and TO-850-a catalysts,
the formation rate of CO, is significantly higher than the
formation rate of Hy. This indicates a potential use for depollu-

Beilstein J. Nanotechnol. 2023, 14, 616—-630.

tion since TiO; is an environmentally friendly, non-toxic, and
inexpensive material. More than that, these tests used solar
light, which is a regenerable energy source. The investigated
Ti0,-based catalysts lead to ethanol photomineralization
under simulated solar light, indicating an efficient use of
UV light from the solar spectrum, but also the presence of opti-
cally and catalytically active defects in the structure of the cata-
lysts.

Figure 11 shows also a lower CO, formation rate for the second
catalyst series with a simultaneously increasing H; formation
rate, especially for TO-850-b. From this perspective, it might be
interesting to consider these catalysts for use and further modi-
fication regarding H, production. Table 4 shows an increase of
acetaldehyde formation for the catalyst series “b” relative to
series “a”, especially for TO-850-b. This observation is in line
with the highest hydrogen production obtained by using this

catalyst.

Table 4: Comparative formation of acetaldehyde after 180 min of irradiation over the investigated catalysts.

Amount of CH3CHO [umol]
Time reaction

(min) P25 TO-250-a TO-450-a

0 0 0 0 0

30 36.29 14.30 4.74 4.65
60 65.11 31.42 20.00 11.67
90 76.72 42.11 26.00 16.80
120 87.19 52.40 39.87 21.80
150 92.20 62.41 40.46 27.00
180 97.67 71.07 42.00 36.80
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Figure 11: Comparative Ho/CO» formation rate over titania nanopowders in ethanol vapor environments: (a) series “a” and (b) series “b”.
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Conclusion

This study describes the photocatalytic degradation of ethanol
vapors under simulated solar light and low oxygen concentra-
tion using TiO, nanoparticles obtained by laser pyrolysis. The
final products are CO,, H,0, and Hj. The average particle sizes
are between 15 and 22 nm with anatase being the predominant
crystalline phase and rutile being a minor fraction. An excep-
tion to this is the sample synthesized at the lowest pressure
without supplementary air flow. Two series of samples were
tested in ethanol photodegradation experiments, observing that
all samples from series “a” have a higher photocatalytic activi-
ty towards the oxidation of ethanol to CO, than the reference
sample Degussa P25, especially the small nanoparticles ob-
tained at the lowest pressure (250 mbar). In contrast, the larger
nanoparticles obtained in the “b” series at the highest pressure
(850 mbar) contribute to a slight improvement regarding the
production of Hj, compared to the commercial reference sam-
ple. The ethanol photodegradation under simulated solar light
leads to valuable results concerning different TiO, functional
properties depending on the synthesis conditions. Also, a poten-
tial application both for the degradation of organic compounds

and the production of hydrogen has been revealed.

Materials and Methods

Laser pyrolysis was used to obtain powder of TiO5 in a similar
manner as described in our previous studies [69,70]. The laser
radiation was generated by a continuous CO, laser with
10.55 um wavelength and maximum power of 450 W. Ethylene
was used to absorb the infrared laser radiation and transfer the
energy to the precursor molecules, thus playing the role of a
sensitizer. The reaction took place in the volume delimited by
the orthogonally intersection of the laser beam with the precur-

sor flow (Figure 12).

The precursors were injected through the central nozzle. The
reactive flow was a mixture of synthetic air (Siad 99.99%
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Figure 12: Schematic representation of the laser pyrolysis method.

purity) as oxidizer, CoHy (Siad 99.5% purity) as sensitizer, and
TiCly vapor (Aldrich 98% purity) as Ti precursor. Synthetic air
was used as carrier of gaseous TiCly from a liquid reservoir (via
a bubbler) and as oxidizer (Table 5). The co-axial flow of Ar
(Siad 99.98% purity) confined the inner reactive flow after
passing through an external annular inlet. The powder collec-
tion time was ca. 1 h. The first powders (denominated as series
“a”) were further calcined at 450 °C for 5 h in order to mini-
mize the traces of carbon from ethylene decomposition and of
chlorine from TiCly. Because the flow of entrained precursor
vapors diminished with increasing pressure of the carrier gas, in

Table 5: Process parameters of laser pyrolysis synthesis of titania nanoparticles.

Sample Dar(cont,) [sCCM] Dy [sCOM] P Tic A [scem] d)CzH 4 [scem] P [mBar] Laser power [W]
TO-250-a 1800 — 80 120 250 450
TO-450-a 1800 100 120 100 450 450
TO-650-a 1800 200 160 80 650 450
TO-850-a 2000 200 200 60 850 450
TO-250-b 2000 200 300 50 250 450
TO-450-b 2000 200 300 50 450 450
TO-650-b 2000 200 300 50 650 450
TO-850-b 2000 200 300 50 850 450
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the first series of experiments we increased the carrier gas flow
at higher pressures to not reduce the TiCly flow too much. Also,
a supplementary air flow was used in these experiments, with
the exception of those at the lowest pressure. Also, in this first
series of experiments, we gradually decreased the CoH4 sensi-
tizer flow with increasing pressure in order to maintain a stable
burning flame. The process conditions were further modified
(by enhancing the air carrier flow and diminishing the C,Hy
flow and employing the same carrier and supplementary air and
ethylene flows at all pressures) in order to obtain higher-purity
TiO; nanoparticles that do not require post-synthesis treatment.
These samples were grouped in the second batch of samples,
that is, in series “b”.

The elemental composition of the TiO, powders was estimated
by EDS performed inside a scanning electron microscope, FEI
Quanta Inspect S, at 15 kV in high vacuum. The crystalline
structures and phase concentrations were determined from
X-ray diffraction (XRD) patterns, measured by an X-ray
diffractometer Panalytical X Pert MPD theta—theta, and the
morphological properties were determined by transmission elec-
tron microscopy (TEM), high-resolution transmission electron
microscopy (HRTEM), and selected-area electron diffraction
(SAED) measurements using a JEM ARM 200F analytical
microscope (Jeol, Japan). The specific surface area was
measured using a BET flowing gas surface area analyzer,
Horiba SA-9600, with a 30% N,/70% He gas mixture. Photolu-
minescence measurements were carried out using a Horiba
Flourolog-3. The excitation source was a xenon lamp at
Aexc = 260 nm. All samples have been irradiated at room tem-
perature and under the same conditions. Diffuse reflectance
UV-vis measurements were performed by using a spectropho-
tometer Perkin Elmer Lambda 35 with an integrating sphere in
the 200-1100 nm range. The measured reflectance data were
converted to absorption data using the Kubelka—Munk function
F(R).

For the XPS analyses we employed an ESCALAB Xi+ (Thermo
SCIENTIFIC Surface Analysis) apparatus with an Al Ko radia-
tion source (hv = 1486.2 eV) using the C 1s level (284.4 eV) as
the energy reference. The superficial chemical compositions as
well as the oxidation states were found from the XPS spectra by
using the “Avantage” software, version 5.978.

ROS identification

Trapping of *OH radicals was performed with 10 mM coumarin
(Merck) solution and 0.001 g suspended catalyst exposed to
simulated solar irradiation. The formation of a fluorescent com-
pound, namely umbelliferone, was monitored with a Carry
Eclipse fluorescence spectrometer, slits set to 10 nm in excita-

tion and emission, Agxe = 330 nm.
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The experimental procedure for photocatalytic tests started with
dispersing a uniform layer of 0.01 g of titania photocatalyst
nanopowder on an area of about 3.6 cm?. This photoactive sur-
face was subsequently exposed to simulated sunlight. Ethanol
(7.2 pL) was injected into the photoreactor with a volume of
about 120 cm? containing 0.3% O, in Ar. The temperature
inside the photoreactor was maintained constant at 18 °C with a
cryostat. The AM 1.5 solar light (1000 W/m?2) was provided by
a Peccell LO1 solar simulator. For each test, 200 uL gas sam-
ples were taken from the photoreactor every 30 min and
analyzed with two gas chromatographs equipped with either a
flame ionization detector (FID, Agilent 7890A) or a thermal
conductivity detector (TCD, Buck Scientific, model 910). The
total time of a photocatalytic test was 180 min. The photore-
actor works thus under static conditions, which differs from the
dynamic conditions used by other researchers where a continu-
ous flow of ethanol vapors (mixed with water vapors) was em-
ployed via bubbling [18,71].

Funding

This work was supported by Romanian Ministry of Research,
Innovation and Digitalization under Romanian National Nucleu
Program LAPLAS VII — contract no. 30N/2023 and CNCS-
UEFISCDI, contract number 31TE/2022 Project.

ORCID® iDs

luliana P. Morjan - https://orcid.org/0000-0001-8108-8478

References

1. Frank, A. J.; Kopidakis, N.; van de Lagemaat, J. Coord. Chem. Rev.
2004, 248, 1165-1179. doi:10.1016/j.ccr.2004.03.015

2. Nazeeruddin, M. K.; Gréatzel, M. Compr. Coord. Chem. Il 2003, 9,
719-758. doi:10.1016/b0-08-043748-6/09025-3

3. Elsaeedy, H. |.; Qasem, A.; Yakout, H. A.; Mahmoud, M.
J. Alloys Compd. 2021, 867, 159150.
doi:10.1016/j.jallcom.2021.159150

4. van der Zanden, B.; Goossens, A.; Schoonman, J. Synth. Met. 2001,
121, 1601-1602. doi:10.1016/s0379-6779(00)01503-4

5. Chaudhari, C.; Gautam, D. K. Opt. Commun. 2000, 181, 61-69.
doi:10.1016/s0030-4018(00)00741-0

6. lvanova, T.; Harizanova, A. Solid State lonics 2001, 138, 227-232.
doi:10.1016/s0167-2738(00)00798-0

7. Ferhati, H.; Djeffal, F. Optik (Munich, Ger.) 2016, 127, 7202-7209.
doi:10.1016/j.ijle0.2016.05.047

8. Ollis, D. F. C. R. Acad. Sci., Ser. llc: Chim. 2000, 3, 405—411.
doi:10.1016/s1387-1609(00)01169-5

9. Fujishima, A.; Zhang, X.; Tryk, D. A. Surf. Sci. Rep. 2008, 63, 515-582.
doi:10.1016/j.surfrep.2008.10.001

10.Paz, Y. Appl. Catal., B 2010, 99, 448—460.
doi:10.1016/j.apcatb.2010.05.011

11.Rachna; Rani, M.; Shanker, U. J. Environ. Manage. 2019, 248,
109340. doi:10.1016/j.jenvman.2019.109340

628


https://orcid.org/0000-0001-8108-8478
https://doi.org/10.1016%2Fj.ccr.2004.03.015
https://doi.org/10.1016%2Fb0-08-043748-6%2F09025-3
https://doi.org/10.1016%2Fj.jallcom.2021.159150
https://doi.org/10.1016%2Fs0379-6779%2800%2901503-4
https://doi.org/10.1016%2Fs0030-4018%2800%2900741-0
https://doi.org/10.1016%2Fs0167-2738%2800%2900798-0
https://doi.org/10.1016%2Fj.ijleo.2016.05.047
https://doi.org/10.1016%2Fs1387-1609%2800%2901169-5
https://doi.org/10.1016%2Fj.surfrep.2008.10.001
https://doi.org/10.1016%2Fj.apcatb.2010.05.011
https://doi.org/10.1016%2Fj.jenvman.2019.109340

12. Mokhtarifar, M.; Kaveh, R.; Bagherzadeh, M.; Lucotti, A.; Pedeferri, M.;
Diamanti, M. V. ACS Appl. Mater. Interfaces 2020, 12, 29671-29683.
doi:10.1021/acsami.0c06792

13. Micek-lnicka, A.; Ogrodowicz, N.; Filek, U.; Kusior, A. Catal. Today
2021, 380, 84-92. doi:10.1016/j.cattod.2021.04.021

14.Zhang, W.; Huang, Y.; Liu, P.; Zhao, Y.; Wu, H.; Guan, M.; Zhang, H.
Mater. Sci. Semicond. Process. 2014, 17, 124—-128.
doi:10.1016/j.mssp.2013.08.014

15.Singh, J.; Lee, B.-K. J. Environ. Manage. 2016, 170, 88—96.
doi:10.1016/j.jenvman.2016.01.015

16.Li, J.; Kazakov, A.; Dryer, F. L. J. Phys. Chem. A 2004, 108,
7671-7680. doi:10.1021/jp0480302

17.Halasi, G.; Ugrai, |.; Solymosi, F. J. Catal. 2011, 281, 309-317.
doi:10.1016/j.jcat.2011.05.016

18.Xing, C.; Zhang, Y.; Liu, Y.; Wang, X.; Li, J.; Martinez-Alanis, P. R.;
Spadaro, M. C.; Guardia, P.; Arbiol, J.; Llorca, J.; Cabot, A.
Nanomaterials 2021, 11, 1399. doi:10.3390/nano11061399

19. Ochiai, T.; Fujishima, A. J. Photochem. Photobiol., C 2012, 13,
247-262. doi:10.1016/j.jphotochemrev.2012.07.001

20.Wang, R.; Hashimoto, K.; Fujishima, A.; Chikuni, M.; Kojima, E.;
Kitamura, A.; Shimohigoshi, M.; Watanabe, T. Nature 1997, 388,
431-432. doi:10.1038/41233

21. Shirai, K.; Sugimoto, T.; Watanabe, K.; Haruta, M.; Kurata, H.;
Matsumoto, Y. Nano Lett. 2016, 16, 1323-1327.
doi:10.1021/acs.nanolett.5b04724

22.Wang, Q.; Domen, K. Chem. Rev. 2020, 120, 919-985.
doi:10.1021/acs.chemrev.9b00201

28.Tachibana, Y.; Vayssieres, L.; Durrant, J. R. Nat. Photonics 2012, 6,
511-518. doi:10.1038/nphoton.2012.175

24.Tao, J.; Luttrell, T.; Batzill, M. Nat. Chem. 2011, 3, 296-300.
doi:10.1038/nchem.1006

25.Nanda, S.; Rana, R.; Zheng, Y.; Kozinski, J. A.; Dalai, A. K.
Sustainable Energy Fuels 2017, 1, 1232—1245.
doi:10.1039/c7se00212b

26. Romero Ocana, |.; Beltram, A.; Delgado Jaén, J. J.; Adami, G.;
Montini, T.; Fornasiero, P. Inorg. Chim. Acta 2015, 431, 197-205.
doi:10.1016/j.ica.2015.01.033

27.Muggli, D. S.; McCue, J. T.; Falconer, J. L. J. Catal. 1998, 173,
470-483. doi:10.1006/jcat.1997.1946

28.Yu, Z.; Chuang, S. S. C. J. Catal. 2007, 246, 118—126.
doi:10.1016/j.jcat.2006.11.022

29.0hno, T.; Sarukawa, K.; Tokieda, K.; Matsumura, M. J. Catal. 2001,
203, 82—-86. doi:10.1006/jcat.2001.3316

30. Balachandran, U.; Eror, N. G. J. Solid State Chem. 1982, 42, 276—-282.
doi:10.1016/0022-4596(82)90006-8

31.Xu, M.; Gao, Y.; Martinez Moreno, E.; Kunst, M.; Muhler, M.; Wang, Y.;
Idriss, H.; Woll, C. Phys. Rev. Lett. 2011, 106, 138302.
doi:10.1103/physrevlett.106.138302

32.Sarngan, P. P.; Lakshmanan, A.; Sarkar, D. Chemosphere 2022, 286,
131692. doi:10.1016/j.chemosphere.2021.131692

33.Scanlon, D. O.; Dunnill, C. W.; Buckeridge, J.; Shevlin, S. A,;
Logsdail, A. J.; Woodley, S. M.; Catlow, C. R. A.; Powell, M. J.;
Palgrave, R. G.; Parkin, I. P.; Watson, G. W.; Keal, T. W.;

Sherwood, P.; Walsh, A.; Sokol, A. A. Nat. Mater. 2013, 12, 798-801.
doi:10.1038/nmat3697

34.Zumeta, |.; Aylidn, J. A.; Gonzalez, B.; Domenech, X.; Vigil, E.

Sol. Energy Mater. Sol. Cells 2009, 93, 1728—1732.
doi:10.1016/j.solmat.2009.05.022

Beilstein J. Nanotechnol. 2023, 14, 616—-630.

35.Zumeta, |.; Gonzélez, B.; Espinosa, R.; Ayllén, J. A.; Vigil, E.
Semicond. Sci. Technol. 2004, 19, L52-L55.
doi:10.1088/0268-1242/19/5/103

36. Avril, L.; Bourgeois, S.; Simon, P.; Domenichini, B.; Zanfoni, N.;
Herbst, F.; Imhoff, L. Thin Solid Films 2015, 591, 237-244.
doi:10.1016/}.tsf.2015.06.007

37.Chen, X.; Huang, L.; Jiao, Y.; Wang, S.; An, Q.; Bao, Y.; Geng, L.
Mater. Lett. 2021, 286, 129230. doi:10.1016/j.matlet.2020.129230

38.Spurr, R. A.; Myers, H. Anal. Chem. (Washington, DC, U. S.) 1957, 29,
760-762. doi:10.1021/ac60125a006

39. Patterson, A. L. Phys. Rev. 1939, 56, 978-982.
doi:10.1103/physrev.56.978

40.Gengenbach, T. R.; Major, G. H.; Linford, M. R.; Easton, C. D.

J. Vac. Sci. Technol., A 2021, 39, 013204. doi:10.1116/6.0000682

41.Jacquemin, M.; Genet, M. J.; Gaigneaux, E. M.; Debecker, D. P.
ChemPhysChem 2013, 14, 3618-3626. doi:10.1002/cphc.201300411

42. Pefas-Garzon, M.; Abdelraheem, W. H. M.; Belver, C.;

Rodriguez, J. J.; Bedia, J.; Dionysiou, D. D. Sep. Purif. Technol. 2021,
275, 119169. doi:10.1016/j.seppur.2021.119169

43.Zhao, L.; Chen, X.; Wang, X.; Zhang, Y.; Wei, W.; Sun, Y.;

Antonietti, M.; Titirici, M.-M. Adv. Mater. (Weinheim, Ger.) 2010, 22,
3317-3321. doi:10.1002/adma.201000660

44.Chi, M.; Sun, X.; Lozano-Blanco, G.; Tatarchuk, B. J. Appl. Surf. Sci.
2021, 570, 151147. doi:10.1016/j.apsusc.2021.151147

45.Panda, A. B.; Mahapatra, S. K.; Barhai, P. K.; Das, A. K.; Banerijee, I.
Appl. Surf. Sci. 2012, 258, 9824-9831.
doi:10.1016/j.apsusc.2012.06.037

46.Liu, G.; Yang, H. G.; Wang, X.; Cheng, L.; Lu, H.; Wang, L.;

Lu, G. Q. (Max).; Cheng, H.-M. J. Phys. Chem. C 2009, 113,
21784-21788. doi:10.1021/jp907749r

47.Di Valentin, C.; Pacchioni, G.; Selloni, A. J. Phys. Chem. C 2009, 113,
20543-20552. doi:10.1021/jp9061797

48.Kar, P.; Zeng, S.; Zhang, Y.; Vahidzadeh, E.; Manuel, A.; Kisslinger, R.;
Alam, K. M.; Thakur, U. K.; Mahdi, N.; Kumar, P.; Shankar, K.

Appl. Catal., B 2019, 243, 522-536. doi:10.1016/j.apcatb.2018.08.002

49. Mahdi, N.; Kumar, P.; Goswami, A.; Perdicakis, B.; Shankar, K.;
Sadrzadeh, M. Nanomaterials 2019, 9, 1186.
doi:10.3390/nan09091186

50.Ishfag, M.; Rizwan Khan, M.; Bhopal, M. F.; Nasim, F.; Ali, A,;

Bhatti, A. S.; Ahmed, |.; Bhardwaj, S.; Cepek, C. J. Appl. Phys. 2014,
115, 174506. doi:10.1063/1.4874942

51.Bharti, B.; Kumar, S.; Lee, H.-N.; Kumar, R. Sci. Rep. 2016, 6, 32355.
doi:10.1038/srep32355

52.Krishna, D. N. G.; Philip, J. Appl. Surf. Sci. Adv. 2022, 12, 100332.
doi:10.1016/j.apsadv.2022.100332

53. Mascaretti, L.; Russo, V.; Zoppellaro, G.; Lucotti, A.; Casari, C. S.;
Kment, 8.: Naldoni, A.; Li Bassi, A. J. Phys. Chem. C 2019, 123,
11292-11303. doi:10.1021/acs.jpcc.9b01727

54.Toney, J. E. Photoluminescence Spectroscopy. Characterization of
Materials, 2nd ed.; John Wiley & Sons, 2002.
doi:10.1002/0471266965.com058

55.Tauc, J. Mater. Res. Bull. 1968, 3, 37—46.
doi:10.1016/0025-5408(68)90023-8

56. Tauc, J.; Grigorovici, R.; Vancu, A. Phys. Status Solidi 1966, 21, 627.
doi:10.1002/pssb.19660150224

57.Lance, R. Optical Analysis of Titania: Bandgaps of Brookite, Rutile and
Anatase. Bachelors thesis, Oregon State University, USA, 2018.

58.Makuta, P.; Pacia, M.; Macyk, W. J. Phys. Chem. Lett. 2018, 9,
6814-6817. doi:10.1021/acs.jpclett.8002892

629


https://doi.org/10.1021%2Facsami.0c06792
https://doi.org/10.1016%2Fj.cattod.2021.04.021
https://doi.org/10.1016%2Fj.mssp.2013.08.014
https://doi.org/10.1016%2Fj.jenvman.2016.01.015
https://doi.org/10.1021%2Fjp0480302
https://doi.org/10.1016%2Fj.jcat.2011.05.016
https://doi.org/10.3390%2Fnano11061399
https://doi.org/10.1016%2Fj.jphotochemrev.2012.07.001
https://doi.org/10.1038%2F41233
https://doi.org/10.1021%2Facs.nanolett.5b04724
https://doi.org/10.1021%2Facs.chemrev.9b00201
https://doi.org/10.1038%2Fnphoton.2012.175
https://doi.org/10.1038%2Fnchem.1006
https://doi.org/10.1039%2Fc7se00212b
https://doi.org/10.1016%2Fj.ica.2015.01.033
https://doi.org/10.1006%2Fjcat.1997.1946
https://doi.org/10.1016%2Fj.jcat.2006.11.022
https://doi.org/10.1006%2Fjcat.2001.3316
https://doi.org/10.1016%2F0022-4596%2882%2990006-8
https://doi.org/10.1103%2Fphysrevlett.106.138302
https://doi.org/10.1016%2Fj.chemosphere.2021.131692
https://doi.org/10.1038%2Fnmat3697
https://doi.org/10.1016%2Fj.solmat.2009.05.022
https://doi.org/10.1088%2F0268-1242%2F19%2F5%2Fl03
https://doi.org/10.1016%2Fj.tsf.2015.06.007
https://doi.org/10.1016%2Fj.matlet.2020.129230
https://doi.org/10.1021%2Fac60125a006
https://doi.org/10.1103%2Fphysrev.56.978
https://doi.org/10.1116%2F6.0000682
https://doi.org/10.1002%2Fcphc.201300411
https://doi.org/10.1016%2Fj.seppur.2021.119169
https://doi.org/10.1002%2Fadma.201000660
https://doi.org/10.1016%2Fj.apsusc.2021.151147
https://doi.org/10.1016%2Fj.apsusc.2012.06.037
https://doi.org/10.1021%2Fjp907749r
https://doi.org/10.1021%2Fjp9061797
https://doi.org/10.1016%2Fj.apcatb.2018.08.002
https://doi.org/10.3390%2Fnano9091186
https://doi.org/10.1063%2F1.4874942
https://doi.org/10.1038%2Fsrep32355
https://doi.org/10.1016%2Fj.apsadv.2022.100332
https://doi.org/10.1021%2Facs.jpcc.9b01727
https://doi.org/10.1002%2F0471266965.com058
https://doi.org/10.1016%2F0025-5408%2868%2990023-8
https://doi.org/10.1002%2Fpssb.19660150224
https://doi.org/10.1021%2Facs.jpclett.8b02892

59. Mayerhéfer, T. G.; Pahlow, S.; Popp, J. ChemPhysChem 2020, 21,
2029-2046. doi:10.1002/cphc.202000464

60. Reyes-Coronado, D.; Rodriguez-Gattorno, G.;
Espinosa-Pesqueira, M. E.; Cab, C.; de Coss, R.; Oskam, G.
Nanotechnology 2008, 19, 145605.
doi:10.1088/0957-4484/19/14/145605

61.Kim, D.-H.; Kim, W.-S.; Kim, S.; Hong, S.-H.
ACS Appl. Mater. Interfaces 2014, 6, 11817—-11822.
doi:10.1021/am501656r

62. Ehfros, A. L.; Ehfros, A. L. Fiz. Tekh. Poluprovodn. (S.-Peterburg)
1982, 16, 1209-1214.

63.Singh, M.; Goyal, M.; Devlal, K. J. Taibah Univ. Sci. 2018, 12,
470-475. doi:10.1080/16583655.2018.1473946

64.Abdullah, S. A.; Sahdan, M. Z.; Nafarizal, N.; Saim, H.; Bakri, A. S.;
Cik Rohaida, C. H.; Adriyanto, F.; Sari, Y. J. Phys.: Conf. Ser. 2018,
995, 012067. doi:10.1088/1742-6596/995/1/012067

65. Reckers, P.; Dimamay, M.; Klett, J.; Trost, S.; Zilberberg, K.; Riedl, T.;
Parkinson, B. A.; Brétz, J.; Jaegermann, W.; Mayer, T.
J. Phys. Chem. C 2015, 119, 9890-9898.
doi:10.1021/acs.jpcc.5b01264

66.Sun, M.; Liu, H.; Sun, Z.; Li, W. J. Environ. Chem. Eng. 2020, 8,
104168. doi:10.1016/j.jece.2020.104168

67.Nowotny, J.; Alim, M. A.; Bak, T.; Idris, M. A.; lonescu, M.; Prince, K.;
Sahdan, M. Z.; Sopian, K.; Mat Teridi, M. A.; Sigmund, W.
Chem. Soc. Rev. 2015, 44, 8424-8442. doi:10.1039/c4¢cs00469h

68.He, J.; Behera, R. K.; Finnis, M. W.; Li, X.; Dickey, E. C.; Phillpot, S. R.;
Sinnott, S. B. Acta Mater. 2007, 55, 4325—-4337.
doi:10.1016/j.actamat.2007.04.005

69. Scarisoreanu, M.; llie, A. G.; Goncearenco, E.; Banici, A. M.;
Morjan, I. P.; Dutu, E.; Tanasa, E.; Fort, |.; Stan, M.; Mihailescu, C. N.;
Fleaca, C. Appl. Surf. Sci. 2020, 509, 145217.
doi:10.1016/j.apsusc.2019.145217

70. llie, A. G.; Scarisoreanu, M.; Dutu, E.; Dumitrache, F.; Banici, A.-M.;
Fleaca, C. T.; Vasile, E.; Mihailescu, |. Appl. Surf. Sci. 2018, 427,
798-806. doi:10.1016/j.apsusc.2017.08.041

71.Kumaravel, V.; Imam, M. D.; Badreldin, A.; Chava, R. K.; Do, J. Y.;
Kang, M.; Abdel-Wahab, A. Catalysts 2019, 9, 276.
doi:10.3390/catal9030276

Beilstein J. Nanotechnol. 2023, 14, 616—-630.

License and Terms

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjnano/terms), which is

identical to the Creative Commons Attribution 4.0
International License

(https://creativecommons.org/licenses/by/4.0). The reuse of

material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the

material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.14.51

630


https://doi.org/10.1002%2Fcphc.202000464
https://doi.org/10.1088%2F0957-4484%2F19%2F14%2F145605
https://doi.org/10.1021%2Fam501656r
https://doi.org/10.1080%2F16583655.2018.1473946
https://doi.org/10.1088%2F1742-6596%2F995%2F1%2F012067
https://doi.org/10.1021%2Facs.jpcc.5b01264
https://doi.org/10.1016%2Fj.jece.2020.104168
https://doi.org/10.1039%2Fc4cs00469h
https://doi.org/10.1016%2Fj.actamat.2007.04.005
https://doi.org/10.1016%2Fj.apsusc.2019.145217
https://doi.org/10.1016%2Fj.apsusc.2017.08.041
https://doi.org/10.3390%2Fcatal9030276
https://www.beilstein-journals.org/bjnano/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjnano.14.51

	Acknowledgements
	ORCID iDs
	References
	Abstract
	Review
	Introduction
	Structure and bandgap
	Surface and defect states
	Morphology
	Recent approaches in the modification of SnO2 for photocatalytic NOx oxidation
	Charge transfer improvement
	Creation of narrower bandgaps

	Conclusion
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Results and Discussion
	Electrodeposition of MoS2 thin films
	Morphology and structure of MoS2 thin films
	Electroactivity of MoS2 CEs
	DSSC performance

	Conclusion
	Experimental
	Materials and reagents
	Electrodeposition of MoS2 thin films
	Fabrication of DSSCs
	Characterizations of MoS2 thin films
	DSSC characterizations

	Supporting Information
	Acknowledgements
	Funding
	ORCID iDs
	References
	Abstract
	Introduction
	Results and Discussion
	Material characterization of various photocatalysts
	MB removal test using various photocatalysts prepared at pH 0 or pH 7
	MB removal test under different conditions using LaFe0.7Ni0.3O3 prepared at pH 0

	Conclusion
	Experimental
	Materials
	Synthesis of LaFexNi1−xO3
	Photocatalysts characterization
	Photocatalytic MB and tetracycline degradation

	Supporting Information
	Funding
	ORCID iDs
	References
	Abstract
	Introduction
	Experimental Design
	Materials
	Preparation of zinc oxide nanoparticles by green syntheses
	Methods for determining the characterization of the synthesized material
	Photocatalytic degradation reaction
	Determination of the antibacterial efficiency against E. coli

	Results and Discussion
	Characteristics of synthesized ZnO NPs
	Photocatalytic degradation of dyes
	Antibacterial performance of synthesized ZnO NPs
	Proposed mechanism of photocatalytic dye degradation and antibacterial activity against E. coli by ZnO NPs

	Conclusion
	Acknowledgements
	Funding
	ORCID iDs
	References
	Abstract
	Introduction
	Experimental
	Synthesis of MgO/g-C3N4
	Characterization
	Photocatalytic performance


	Results and Discussion
	Photocatalytic performance
	XRD and FTIR analyses
	SEM and TEM analyses
	Chemical state analysis
	Optical properties
	Photoluminescence
	Photocatalytic mechanism

	Conclusion
	Supporting Information
	Acknowledgements
	Funding
	ORCID iDs
	Preprint
	References
	Abstract
	Introduction
	Review
	Photocatalysis
	Photocatalysis and its challenges
	Promising Bi-based nanomaterials

	Fabrication routes
	Enhancement techniques
	Defect formation
	Metal/non-metal doping
	Heterojunction formation

	Environmental applications
	Photocatalytic hydrogen generation
	Photocatalytic elimination of water pollutants
	Photoreduction of carbon dioxide
	Photocatalytic nitrogen fixation
	Photocatalytic microbial disinfection


	Conclusion and Future Perspectives
	ORCID iDs
	References
	Abstract
	Introduction
	Materials and Methods
	Chemicals required
	Synthesis procedure
	Characterization techniques
	Photoelectrochemical study
	Photocatalytic activity
	Apparent quantum efficiency

	Results and Discussion
	Crystallographic information and morphological analysis
	Elemental characteristics and surface area
	Electronic properties and zeta potential
	Optical studies
	Electrochemical analysis
	Photocatalytic study of modified boron nitride
	Photocatalytic study
	Photocatalytic mechanism


	Conclusion
	Funding
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Experimental
	Materials
	Preparation of photocatalyst and photoelectrode
	TiO2 powders
	TiO2@MWCNTs nanocomposite
	Photoelectrochemical electrode

	TiO2@MWCNTs nanocomposite characterizations
	Photoelectrochemical measurements

	Results and Discussion
	Characterization of the TiO2@MWCNTs nanocomposite catalyst
	Effect of KOH concentration on photoelectrochemical water splitting
	Photoelectrochemical behavior

	Conclusion
	Acknowledgements
	Conflict of Interest
	ORCID iDs
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Experimental
	Materials
	Characterization of the photocatalysts
	Photocatalytic degradation of phenols
	Ozonolysis of phenols
	Analysis

	Supporting Information
	ORCID iDs
	References
	Abstract
	Introduction
	Experimental
	Materials and chemicals
	Preparation of materials
	Characterization of materials
	PEC activity evaluation

	Results and Discussion
	Characterizations of materials
	PEC characterizations of materials

	Conclusion
	Supporting Information
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Review
	Introduction
	Antibiotics and organic dyes in the environment and their toxicological consequences
	Bismuth and bismuth-based nanostructured photocatalysts
	Structural, optoelectronic, and magnetic properties
	Synthesis approaches and performance enhancement

	Operational parameters influencing the photocatalytic efficiency of bismuth-based nanomaterials
	Photocatalysis mechanism for bismuth-based photocatalyst and degradation pathway of target pollutant molecule
	Issues, challenges, and potential solutions

	Conclusion and Perspectives
	ORCID iDs
	References
	Abstract
	Introduction
	Results and Discussion
	Powder characterization
	Generation of hydroxyl radicals
	Photocatalytic performance of the nanopowders
	Hydrogen generation
	Carbon dioxide evolution

	Conclusion
	Materials and Methods
	ROS identification

	Funding
	ORCID iDs
	References

