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Solar-light power, as a sustainable energy source, is renewable, inexhaustible, and
available worldwide. The scientific and engineering interest in solar-light based
technologies has grown exponentially as a cost-effective and energy-saving approach.
As a green application of converting light into chemical energy, semiconductor-based
heterogeneous photocatalysis, represents a suitable approach to address current global
issues such as the energy crisis and environmental pollution. This interdisciplinary
technology recently experienced a rapid evolution, counting the contribution of
semiconductor physics, surface sciences, photo and physical chemistry, material science,
and chemical engineering.
Titanium dioxide (TiO2) is the most employed photocatalyst by far due to its
photostability, non-toxicity, and abundance. However, TiO2 limits its applicability in the
ultraviolet wavelength range, accounting for only about 5% of total solar-light power.
The energy's undesired dissipation due to the photogenerated charge carriers' fast
recombination rate further reduces its photocatalytic efficiency. Therefore,
it seems of great significance to study possible alternative materials to harvest visible
light, recognized as the higher energetic part of the solar spectrum.
Metal halide perovskites (MHPs) have recently acquired increasing interest as promising
elements in light-driven applications. Their impressive properties, combined with lowcost production, have inspired applications well beyond the photovoltaics field.
In this work, MHPs were proposed as potential visible light photocatalysts, widening the
engineering solutions using raw and composite materials.
MHP, as a new generation material, was tested for environmental remediation,
particularly for the photodegradation of organic contaminants. Morphological, optical,
and electrochemical properties of the as-prepared photocatalysts were investigated to
provide insights into their photocatalytic processes. Laboratory-scale conditions were
adopted for practical reasons when designing simple reactors and systems.
First, a lead-based CH3NH3PbI2 photocatalyst was prepared due to the photovoltaic field's
outstanding efficiency. Then, lead-free (CH3NH3)3Bi2I9 was preferred due to its lower

toxicity, ascribed to the presence of lead. The bismuth-based hybrid organic-inorganic
perovskite (HOIP) resulted in a suitable visible light photocatalyst with higher water
stability and photocatalytic efficiency than the lead-based counterpart. The HOIP
recorded a photodegradation efficiency of 99% and 75% on Rhodamine-B (RhB) in 180
minutes, respectively, under visible light halogen lamp and light emitting diodes (LEDs)
lamp irradiations. The photocatalytic activity was further tested on the degradation of
different kinds of dyes, such as methyl blue (MB) and reactive blue (RBL). Moreover, a
mixture of different dyes, such as crystal violet (CV) and MB, was photodegraded to
simulate a realistic industrial wastewater effluent.
On the other hand, the environmental instability of the organic fraction in HOIPs
ultimately obstacles the commercialization of these emerging materials. Thus, an allinorganic material, Cs3Bi2I9, was prepared and used as a visible light photocatalyst. The
complete photodegradation of RhB was achieved in 180 minutes under visible light
irradiation. The activity of the recycled photocatalyst confirmed its suitability for multiple
uses without evident photocatalytic efficiency decrease. Moreover, the detection of
trapped electrons and holes supports the potential of Cs3Bi2I9 as a suitable material for
photocatalytic reactions.
In recent years, properly engineered heterojunction photocatalysts have shown higher
photocatalytic activity ability, mainly due to photogenerated electron-hole pairs' spatial
separation.
Thus, the Cs3Bi2I9 photocatalyst was employed to design appropriate composites. The
photocatalytic efficiency was enhanced by coupling Cs3Bi2I9 with more traditional
semiconductors such as TiO2 and g-C3N4. The photoelectrochemical studies revealed the
composites' synergetic effects, supported by the experimental degradation tests on
organic pollutants.
In particular, Cs3Bi2I9:TiO2 and Cs3Bi2I9:g-C3N4 composites demonstrated higher
stability and photocatalytic reaction rates than pristine materials. Finally, preliminary
tests showed the promising ability of the Cs3Bi2I9:g-C3N4 composite for hydrogen
generation under solar simulator and LED-based visible light irradiation.
This experimental research means to offer new insights into the application of metal
halide perovskite and its composites in photocatalytic technologies.
Keywords: metal halide perovskites, renewable energy, photocatalysis, material science
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1 Nomenclature
Abbreviations in order of appearance
(CH)3OH
(CH3NH3)3Bi2I9
•(CH)2OH
•O-2
•O2CH2OH
•OH
0D
1D
1
O2
2D
3D
ABX3
Ag+
AO
AOPs
Bi
BiI3
BQ
Br−
C
Ca
CaTiO3
CH3NH2
CH3NH3I
CH3NH3PbI2
Cl−
CO2
Co3+
Cs+
Cu2+
CV
CV

methanol

DDL

diacetyl-dihydro lutidine

DMF

N, N-dimethylformamide

DMSO

dimethyl sulfoxide

MAIBI

Hydroxymethyl
superoxide radicals
peroxy radical
hydroxyl radical
zero dimension
one dimension
singlet oxygen species
two dimensions
three dimensions
structural formula perovskites
silver cation
ammonium oxalate
advanced oxidation processes
bismuth
bismuth iodide
p-benzoquinone
bromide anion
carbon
calcium
calcium titanate
methylamine
methylammonium iodide
MAPbI3

chlorine anion
carbon dioxide
cobalt cation
cesium inorganic cation
copper cation
crystal violet
cyclic voltammery
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DRS

differential reflectance spectroscopy

E/SEM
eEDS
EIS
EPR
FA+
Fe3+

environmental scanning electron microscopy
electrons
Energy-dispersive X-ray spectroscopy
Electrochemical Impedance Spectroscopy
Electron paramagnetic resonance
formamidinium organic cation
iron(III) cation

GaAs

gallium arsenide

GBL

γ-butyrolactone

GC/MS

gas chromatograph-mass spectrometer

g-C3N4

graphitic carbon nitrile

2+

Ge
+

germanium inorganic cation

h

holes

H2

hydrogen

H2O
H2O2
HCl
HER
Hg lamp
HI
HOIPs
HPLC
I−
IPA
IR
LEDs
MA+
MB
MHPs
Mn
Mo5+
N
N2
NaOH
O2
OH-

water
hydrogen peroxide
hydrogen chloride
hydrogen evolution reaction
mercury lamp
hydrogen iodide
hybrid orgnic inorganic perovskites
high-pressure liquid chromatograph
iodine anion
isopropanol
infrared ray wavelength
light emitting diodes
methylammonium organic cation
methyl blue
Metal halide perovskites
manganese
molybdenum cation
nitrogen
nitrogen (gas)
sodium hydroxide
oxygen (gas)
hydroxide diatomic anion
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Pb2+
PbI2

lead inorganic cation
lead iodide

PCE

power conversion efficiency

PEC

photoelectrochemical cell

PL
PZC
Rb
RBL
RhB
ROS
Ru3+
S
Si
Sn2+
Sr
TAS
TiO2
TEM
TEMP
UPS
UV
UV-vis DRS
Xe lamp
XRD

Photoluminescence
point of zerocharge
rubidium
and reactive blue (RBL)
Rhodamine B
reactive oxygen species
rhutenium cation
sulfur
silicon
tin inorganic cation
strontium
transient absorption spectroscopy
Titanium dioxide
Transmission electron microscopy
2,2,6,6-tetramethylpiperidine
ultraviolet photoelectron spectroscopy
ultraviolet wavelength
UV–vis diffuse reflectance spectroscopy
xenon lamp
x-ray powder diffraction

Mathematical and Physical quantities in order of appearance
A
C
Ci
C0
CB
Ea
Eg
eV
h
J
k
kB

depletion area (m-2)
interface capacitance (Farad, m kg s C)
measured concentration at the time of withdrawal (mg/L)
initial concentration of dye (mg/L)
conduction band
activation energy (J/mol)
band gap (eV)
electron volt
Planck's constant (J·s; eV s)
joules
reaction rate (min-1)
the Boltzmann’s constant (C K-1)
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-2

m
mol
Nd
nm
R2
s
T
V
W
VB
Vfb
α
ε
υ

wavelength (nm)
square meters
moles
doping density (m-3)
nanometers
R-squared value, correlation coefficient
seconds
temperature (K)
the applied potential (kg m2 s-2 C-1),
watts
valence band (eV)
the flat band potential (kg m2 s-2 C-1)
absorption coefficient (eV-1 cm-1)
the dielectric constant of semiconductor (kg m3 s-2 C-1)
frequency of the light (s−1)
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1 Introduction (Renewable Energy and Environment)
Energy and environmental crises are significant global environmental challenges of the 21st century.
The intensive employment of renewable energy sources, sustainable technologies, and rigorous respect
for the environment and ecosystems are among our society's and the scientific community’s most
fundamental and ambitious goals [1–3].
Currently, the combustion of non-renewable fossil fuels provides about 80% of the world’s energy
requirements, promoting global warming and deleterious environmental effects. In increasing
population and energy demands, alternative eco-friendly energy sources are urgently required to
guarantee a sustainable future [4,5].
On the other hand, the critical concerns of the increasing toxic release of emergent contaminants make
environmental pollution one of the significant problems affecting worldwide biodiversity, ecosystems,
and human health [6]. For example, wastewater treatment and recovery of agricultural, industrial, and
domestic effluents have significant importance for future freshwater availability. The combination of
rapid urbanization, increasing population, and related wastewater production will lead to a critical
situation if we do not rethink pollution management. The uncontrolled discharge of wastewater in water
bodies remarkably affects our planet's future, spreading the disease to humans and damaging living
ecosystems.
In particular, synthetic organic dyes, usually discharged by the textile, tannery, and printing industries,
are considered hazardous and toxic to the environment due to their mutagenic and carcinogenic effects.
Industrial wastewater contaminated by organic dyes can cause undesired impacts on human health and
the quality of the receiving water bodies, the aquatic ecosystem, and biodiversity [7]. Thus, it seems
urgent to preserve our water and reduce pollution with suitable and effective methods.
In the previously mentioned critical scenario, solar light represents a green, inexhaustible, cheap, and
globally available energy resource that could positively affect pollution mitigation. Solar light has been
successfully employed in several applications, such as photovoltaics, thermal energy, artificial
photosynthesis, and photocatalysis.
Sunlight, as a portion of electromagnetic radiation, can be generally divided into ultraviolet (UV, 100380 nm), visible light (380-700 nm), and infrared wavelength ranges (IR, 700 nm -1 mm). In terms of
total solar radiation, visible light provides about 40%, UV radiation makes up about 8%, and the
remaining 52% belongs to IR [8,9] (Figure 1).
In general, a tiny portion of total sunlight irradiation reaches the Earth's surface due to its absorption by
atmospheric layers and reflection back into space. However, global solar irradiation with approximately
1040 W/m-2 would provide more power than a hundred times the current human needs [7]. Moreover,
widespread utilization of clean and renewable solar energy may increase energy security and
sustainability, decreasing the costs of mitigation of climate change and pollution treatment.
Photocatalysis, converting light into chemical energy, is a potential technology with great potential to
simultaneously face energy and environmental issues. Photocatalytic processes initiated by light
absorption have recently attracted much attention as promising technologies able to address different
endeavors, such as advanced oxidation processes (AOPs), hydrogen (H2) evolution, carbon dioxide
(CO2) reduction, and desired organic synthesis. Photocatalysis has also received particular attention
because it offers multifarious advantages, such as chemical-physical stability, low cost, and
environmental-friendliness [10–13].
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Figure 1: Representation of solar-light radiation as a function of wavelengths.

1.1

Photocatalysis

1.1.1.

Brief history

The term “catalysis” dates from 1836 when Jöns Jakob Berzelius (1779-1848) noticed the
ability of certain materials to induce chemical reactions on other substances while remaining
unchanged [14,15]. At the end of the century, Ostwald revised the definition of catalysis as the
acceleration of chemical reactions without changing the energetic situation in the presence of
a foreign substance, removable after process [16]. In the following centuries, many
advancements in the catalytic mechanism's comprehension were possible, primarily due to the
development of surface science tools and the cooperation between disciplines [17].
Nowadays, the modern catalytic concept depends on two principles: the unchanged
thermodynamics of the overall reaction and the catalyst's ability to influence the reaction
coordinate and the nature of transition states or intermediates. IUPAC defines the term
‘catalyst’ as both a reactant and a product able to increase the reaction rate without modifying
the overall standard Gibbs energy [18]. Figure 2 shows a simple scheme to understand the
catalytic process, where Ea represents the activation energy lowered by the catalyst's presence.

Figure 2: Free-energy diagram of catalysis processes.

17
It took nearly a century before a clear understanding of the molecular principles of catalytic
processes due to its multidisciplinary character and its dependence on the coordination of
different disciplines, including chemical engineering, inorganic chemistry, and organic
chemistry, which previously developed in a reasonably independent way. The chemical legacy
of the nineteenth century culminated in the Nobel Prize for Sabatier with catalytic
hydrogenation. Sabatier formulated the intermediate stability of the reaction species formed at
the surface of a catalyst to be active but not decomposing [19]. From a modern perspective, he
considered the catalytic process as a cycle of reaction steps, where intermediates may be
formed before decay.
Photocatalysis is a type of catalysis that accelerates a chemical reaction rate, starting from light
absorption by one or more reacting species. The substance that participates in the chemical
reactions without being consumed or modified is usually called a photocatalyst. In 1972,
Fujishima and Honda announced the first-ever electrophotocatalytic water splitting of n-type
titanium dioxide (TiO2) [20]. This result represented a groundbreaking discovery and is usually
considered the birth of the so-called photocatalytic process. The phenomenon was not
immediately accepted, but later, it attracted considerable attention from many scientists in a
remarkable number of related disciplines [21]. The extensive and multidisciplinary research in
chemistry, chemical engineering, and physics paved the way for developing a new chemistry
branch called photo-electrochemistry [22]. The topic has recently sparked interest within
different academic fields, yielding thousands of peer-reviewed articles in the last four decades,
as shown in Figure 3. As a combination of photochemistry and heterogeneous catalysis,
photocatalysis has attracted remarkable attention in the chemistry community in the past
decades, boasting great success in environmental and energy-related applications. Its
advantages, described in the following chapters, allowed rapid and spontaneous growth in a
multidisciplinary scientific and industrial field. Photocatalysis can be considered one of the
major expressions of sustainable and green chemistry applicable to several energy-realted and
environmental systems due to its attractive properties, such as high efficiency, costeffectiveness, and renewable energy utilization sources.

Figure 3: Trends of the published scientific articles in heterogeneous photocatalytic processes and
academic fields (Analyses search results by Scopus.com).
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1.1.2.

Principles

The word “photocatalysis”, from the Greek language, is a conflation of photo, which stands
for the use of light as an energy source, and catalysis, a process where the activation energy is
reduced and the chemical reaction rate increase. In a simple form, the photocatalytic process
can be briefly described by the following reaction:
𝐴 + ℎ + 𝐶𝑎𝑡 = 𝐵 + 𝐶𝑎𝑡

(1.1)

where A and B denotatively, the product and reagent of reaction, respectively. Cat refers to the
catalyst that absorbs light energy (hν) and increases the photochemical reaction rate.
There are two main categories of photocatalytic processes: homogeneous and heterogeneous
photocatalysis. Homogeneous photocatalysis, such as ozone and photo-Fenton systems, refers
to a process where the reactants and the photocatalysts exist in the same phase. Homogenous
photocatalysis has received tremendous attention, offering high activity and selectivity with
atomically dispersed catalytic sites and tunable light absorption. On the other hand, the
homogenous process was limited by its relatively high costs and the difficulty of extracting and
recycling the catalyst after use. The main disadvantage of homogeneous photocatalysts turns
out to be the strength in the counterpart, heterogeneous processes. In heterogeneous
photocatalysis, the catalyst can be easily separated from the reaction products, assuring
continuous applicability and recyclability, resulting in a desirable process for practical and
industrial applications.
Semiconductors are considered the most suitable materials for the photocatalytic process
because of their favorable electronic structure. In general, solids can be classified as metals,
semiconductors, or insulators based on conductivity or resistivity and energy bands. The
electronic band structure is a convention to describe the conductivity of materials consisting of
two energy bands, valence and conduction band, and a potential gap in between called band
gap. In the valence (VB), electrons are at the ground state and serve as potential charge carriers
for the conduction band (CB) that is empty. The energy gap between the two energy bands,
whose width influences materials' conductivity, is called the band gap (Eg) [3]. In the
crystalline structure of a metal, the electrons can move freely, leading to high conductivity and
low resistivity. In terms of band structure, the valence band overlaps with the empty conduction
band, partially filled, leaving the electrons to move without obstacle.
Conversely, an insulator is characterized by high resistivity and low conductivity because the
electrons cannot freely move. The valence band is fully occupied with electrons in covalent
bonds that lock them up between the atoms. Electron-free conduction cannot be achieved due
to the band gap lying between the two energy bands. In a semiconductor, it is possible to
distinguish a fully occupied low-energy level (VB) and a higher empty level (CB). In-between
VB and CB, the Eg stands. In comparison to insulators, the Eg is such small that the electrons,
when excited, can jump from VB to CB and can move freely and act as charge carriers. The
excited electron leaves a hole in the VB that can pair with other electrons.
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When light with sufficient energy, higher than the Eg, hits a semiconductor in the
photocatalytic process, the electron, forcibly in the VB, can be excited into the CB (Figure 4).
The previous property makes crucial whether or not there are electrons in the conduction band.

Figure 4: Simplified illustration of the energy bands theory: the difference between insulator, semiconductor and
metal, representation of the band gap (Eg) including Valence Band (VB) and Conduction Band (CB).

The band gap of a semiconductor (Eg), according to its nature, can be defined as indirect or
direct (Figure 5). In indirect band gap material, the two energetic peaks are not aligned; thus,
the radiative recombination process entails emitting a phonon or the involvement of a
crystallographic defect. In a direct band gap material, the lower energy level of CB is placed
right over the highest part of the VB, fastening the radiative recombination process. The band
gap is influenced by different parameters, including its morphology, such as its particle size
[23].

Figure 5: Illustration of a direct and indirect band gap (Eg) of semiconductors, valence band (VB), and conduction band (CB).

The heterogeneous photocatalytic process is based on electrons' excitation in a semiconductor
by light irradiation with energy at least equal to that of the semiconductor band gap (Eg). The
process, while varying the details in terms of reactions and mechanisms, can be summarized in
the following stages:
(I) Absorption of light energy to generate electron-hole pairs;
(II) Separation of the photogenerated charges;
(III) Transfer of electrons and holes to the surface of semiconductor;
(IV) Consumption of photogenerated charges for redox reactions on the surface of the catalyst
(reductive, A or oxidative D, Figure 6a).
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Among the limits of such a mechanism, either on the surface or on the photocatalyst's bulk
sites, the potential electrostatic recombination (IIIa) of the photogenerated charges may
dissipate the harvested energy in the form of radiative and non-radiative recombination, such
as light and heat, respectively. The mechanism is displayed in Figure 6a.

Figure 6: (a) Steps in photocatalytic reaction process: (I) light absorption, (II) separation of
photogenerated charges, (III) transfer of electrons and holes, (IIIa) eventual recombination of charges;
(IV) redox reactions where R and O mean chemicals in reductive and oxidative reactions,
respectively. (b) Energy levels of the important photocatalytic reactions concerning NHE at pH = 0.

In general, there are two categories of approaches to enhance the activity of a photocatalyst:
increase the charge carrier density as a function of the absorbed light or increase the charge
carrier separation, improving their utilization. According to the indexed mechanism, there are
three target parameters to consider to improve photocatalyst activity. First, the light absorption
process determines the number of excited charges: a higher light-energy absorbed leads to a
higher number of charge carriers, likely accumulated on the surface of the semiconductor,
providing higher photocatalytic ability. Therefore, improving the optical absorption properties
has become a primary challenge to enhance semiconductors’ overall activity [3]. Second, the
decrease in photogenerated species' recombination rate favors their separation, maximizing
their utilization, and enhancing photocatalytic performance [3,24]. Third, the relationship
between the semiconductor band gap, valence band, and conduction band energy positions
concerning the target redox reactions (Figure 6b) [25]. In general, semiconductor-based
photocatalysts can generate simultaneously oxidizing and reducing reactions on the surface of
a particle, having the potential to provide a wide range of redox reactions.
In summary, a suitable semiconductor for photocatalytic applications should be: i) photoactive
in the broadest region of the sun emission; ii) chemically and biologically inert and stable
toward corrosion and photo-corrosion; iv) available, inexpensive, or easy to prepare; and v)
non-toxic.
In this work, the photocatalytic efficiency of prepared materials has been studied based on three
main fundaments: optical absorption, the generation of charge carriers, and their subsequent
availability for chemical reactions.
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1.2

Advanced materials for photocatalytic applications

1.2.1.

Optical and electronic properties: engineering semiconductors

As remarked in the previous paragraphs, light absorption represents a critical factor in
designing new photocatalytic advanced materials. As a principle, light absorption initiates the
photocatalytic process; thus, the optical properties, including absorption, extinction, and
scattering coefficients, play prominent roles in the overall photocatalytic process. In
heterogeneous photocatalysis, the material should absorb most of the available light energy to
maximize its activity. Considering the total sunlight irradiation portion reaching the Earth's
surface, 4% belongs to UV, 45% to visible, and 51% to IR wavelengths.
UV irradiation-based technologies have found success in many applications, but on the other
hand, they are limited both in terms of feasibility and environmental benefits on an industrially
relevant scale [26]. On the other hand, the low energy of IR, unable to activate most organic
reactions, makes visible-based photocatalysis more desirable [27].
Thus, visible light benefits comprise its predominance in the solar spectrum, a large window
of available wavelengths, a harmless character concerning UV radiation, and a higher energy
amount concerning IR. The photocatalysts' design with the potential to be activated in the
spectrum's visible light region can achieve heterogeneous photocatalytic applications' costeffectiveness by using the full sun-light power.
Accounting for all the previous considerations, a consistent investigation has recently been
dedicated to new advanced materials to increase their light absorption ability, especially in the
visible range of solar irradiation. Recently, a new trend in heterogeneous photocatalysis has
dealt with the formulation of new semiconductors active in the presence of visible light (380700 nm) [28–31].
From the perspective of a green and sustainable future, the development of efficient and
environmentally friendly photocatalysts with visible light response represents a research focus
with exceptional advantages, offering many opportunities to revolutionize light-driven
applications [32,33]. Figure 7 shows the exponential enhancement in academic interest in
visible light-based photocatalytics over the last 50 years.
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Figure 7: Trends of the published scientific articles on photocatalysis (black squares) and visible light
photocatalysis (red squares), data by Scopus.com

In semiconductor-based photocatalysis, the optical excitation of the electron from the VB to
the CB may lead to the generation of an electron-hole pair, initiating potential redox reactions
beyond the initial light absorption. The process of light absorption obeys the energy and
momentum conservation laws; thus, the minimum quantum energy necessary for the electron
to jump from the VB to the CB must be equal to or higher than the semiconductor band gap
(Eg). The Eg, as the red edge of the fundamental absorption, determines one of the most critical
parameters in the design of suitable semiconductors for photocatalytic applications. In
principle, only photons with energies greater or equal to the semiconductor Eg can effectively
promote the photogeneration of charge carriers (electrons and holes). The previous principle
should always be included when the research aims to design new photocatalysts [34]. To date,
the fabrication of efficient photocatalysts active under visible light irradiation and based on an
individual semiconductor remains a great challenge for the research community. As a
reference, titanium dioxide (TiO2) has shown great potential as a powerful and ideal
photocatalyst for many reasons, including chemical stability, nontoxicity, and availability,
leading to a considerable number of research papers [35–39].
Moreover, TiO2 has already reached not only pilot-scale but also practical applications.
However, despite the great results, the wide Eg, with a value between 3.0–3.2 eV, restricts its
use only to the narrow light-response range of UV irradiation (λ < 400 nm), leading to
inefficient utilization of the potential solar power (approximately 4 %) [34,40]. Many efforts
have recently been made to develop visible light-response semiconductors with suitable Eg
value-engineered to achieve more efficient solar light utilization. Band-gap engineering
applied to photocatalytic processes mainly acted on the compositional modifications or the
morphology of the crystal structure of semiconductors and their composition. Several methods
have been applied to narrow the Eg to trigger the semiconductor's photoactivity under visible
light irradiation, as much efficient radiation respects UV and IR. Some of these are discussed
in the following chapter (1.3.4).
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1.2.2.

Charge carrier dynamics: Trapping, Recombination, and Transfer

After they have been photogenerated, the charge carriers may undergo trapping, recombination,
and interfacial transfer. The fate and dynamics of photogenerated electrons and holes are
critical investigations since they govern the redox reactions' reaction, the target of the overall
photocatalytic process [41,42]. It can be assumed that, in many cases, the fast recombination
rate of the photogenerated charges mainly determines the efficiency of photocatalysts [43]. In
general, the absorption of light by the semiconductor induces the initial charge carrier
separation. In terms of time, this process occurs in femtoseconds, and afterward, the
photogenerated charge carriers may undergo recombination driven by electrostatic forces,
releasing energy in the form of heat or light. However, the more desirable fate for the
photogenerated charge carriers is the migration on the photocatalyst's surface, where it can be
trapped before undergoing interfacial charge transfer processes. The subsequent charge transfer
and redox reactions strongly depend on the energetic position of the as-formed trapped states.
By considering the time-scale of the single events, the photocatalytic performance can be
considered the competition between the recombination and trapping processes that drive the
photogenerated free charge carriers [3,38,44]. Figure 8 shows a scheme of the process.

Figure 8: Charge carrier dynamics in a photocatalyst particle. At the surface electrons react with
electron acceptors (A) and holes with electron donors (D).

1.2.3.

Driving surface electron transfer and redox reactions

Electron transfer reactions constitute one of the main pillars of chemistry: driving forces of
several natural processes and technological applications. Photosynthesis is an example of a
natural light-driven process. It uses specialized complexes, such as pigments, to transfer the
absorbed light energy to an efficient hierarchy of proteins and generate an energetic cascade
that finally leads to fixing solar energy in chemical bonds once it reaches the reaction centers
[45]. An example of an energy transfer process can be summarized as:
𝐷 + 𝑙𝑖𝑔ℎ𝑡 (𝑒𝑉) → 𝐷 ∗

(1.2)

𝐷∗ +𝐴 → 𝐷 + 𝐴∗

(1.3)

The excited donor, D*, quenched at its ground state (D), releases energy, subsequently
absorbed by the acceptor (A), which is promoted to its excited state A*.
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Similarly, in heterogeneous photocatalysis, energy transfer photo-induced reactions are
fundamental for the overall process's proper proceeding.
These reactions may occur on the irradiated photocatalyst's surface, which can be suspended
in liquid or gaseous media, or immobilized, as when coated on a support.
As electron transfer processes, redox reactions constitute one of the broadest and most
important classes of chemistry and biochemistry reactions. The redox reactions involve a full
or partial transfer of electrons between substrates. In previous literature, the role of
electrochemical properties of semiconductors used as catalysts in redox reactions in natural
environments and engineered systems designed to convert light-energy has been recognized
[46,47]. A semiconductor's suitability for a target photocatalytic application can be verified by
its ground and excited states' redox ability. In the first approximation, the interfacial charge
transfer processes occurring on the photocatalyst's surface strictly depended on the energy
position of the CB and VB edges [3,48]. In principle, both in the case of reversible (dyesensitized solar cells) and irreversible (pollutant oxidation) processes, in redox reactions,
suitable level energies (CB, for electrons, and VB, for holes) are required to assure the overall
process.
The determination of redox properties and the corresponding energy band levels of
semiconductors, often underestimated by researchers, is crucial to investigate the photoinduced electron transfer that drives the overall photocatalytic process. However, despite
examples of induced photocatalytic reactions and their mechanistic aspects being widely
investigated, they have yet to be clarified [49–53]. A deep understanding of the energy
(electron) transfer phenomena in engineered materials is still required, and the design of
suitable materials that provide efficiency and selectivity in transfer processes is gaining
increasing attention. Unfortunately, measuring uncertainties and complex interpretation of the
data may be why such analyses are often missing in many reports.
1.2.4.

Analytical methods

a. Optical properties
The determination of the optical absorption ability and the band gap of semiconductor-based
photocatalysts was considered essential to understanding the as-prepared photocatalysts'
potential efficiency.
UV-vis diffuse reflection spectroscopy (UV–vis DRS) measures the reflection ability of a solid
sample hit by a suitable light beam; thus, indirectly, it provides useful information on the ability
of photocatalysts to harvest light. Generally speaking, when a material can absorb in the visible
light range, its UV-vis DRS spectrum shows an absorption edge over 380 nm, exhibiting blueshifting over longer wavelengths [54,55]. Thus, UV–vis DRS analysis is fundamental when
the goal is the design of visible light-based photocatalysts. According to theory, the ability to
absorb light and the corresponding band gap, Eg, can be estimated with UV-vis DRS using the
Tauc plot extracted by the Kubelka-Munk equation:
𝛼ℎ𝜐 = 𝛽 (ℎ𝜐 − 𝐸𝑔 )𝑛/2

(1.4)
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where α is the absorption coefficient (eV-1*cm-1), h is the Planck constant (eV*s), υ the photon
frequency (s-1), β is the proportionality constant, Eg the band gap energy (eV), and the value
of n depends on the transition properties of the semiconductor. The n-value is equal to 1 for
direct and 4 for the indirect nature of transitions [56]. The Eg value can be calculated by plotting
(αhυ)2 vs hν and extrapolating the curve's straight-line portion to the x-axis.
The previous approach measured the photocatalyst materials' absorption ability synthesized in
Papers I, II, III, and IV. For further information, see Paper II.
Alternatives to the mentioned method include x-ray (XRD) and ultraviolet photoelectron
spectroscopy (UPS). These measurements can give information on the value of VB that,
combined with UV-Vis spectroscopy, can estimate the energy level of CB and the Eg [57].
Also, cyclic voltammetry analysis (CV) can measure the redox potentials, from which it is
possible to extrapolate the Eg [58].
b. Charge carrier dynamics
Transient absorption spectroscopy (TAS), as an extension of absorption spectroscopy, is an
established method for observing charge carrier kinetics by studying their dynamics using an
ultrafast pulsed laser as excitation. During TAS analyses, photogenerated electrons and holes
are isolated and monitored by a delayed continuous probe beam. The signals can be measured
as a function of wavelengths and time until equilibrium is reached. The charge carrier
population is evaluated according to the intensity of the obtained transient signals, and the
lifetime of photogenerated species can be measured according to time. Based on these
parameters and the employed experimental conditions (i.e., air, N2, or O2 atmosphere), the
measurements can reveal the formation, the consumption, and the different types of
photogenerated charge carriers [39,59–61].
Moreover, it is possible to evaluate the photocatalyst's electronic structure, including the
position of energy levels, VB and CB, and the corresponding charge densities employing the
density functional theory (DFT). For example, DFT measurements are useful tools to
investigate the structural units responsible for trapping the excited electrons, prolonging the
charge carriers' lives. Moreover, this method can reveal the formation of localized mid-gaps,
which spatially separated from the CB electrons are beneficial in limiting recombination losses
[37,62]. A possible alternative is the study of charge carrier dynamics by using the
photoluminescence technique (PL). In general, charge recombination releases energy in the
form of light or heat. PL spectra can thus estimate the recombination rate of charge carriers
directly by measuring the energy-released intensity [63–65].
TAS measurement has been selected as a suitable approach to clarify the charge-carrier
dynamics in the current work; comprehensive information is reported in Paper III.
c. Driving surface electron transfer and redox reactions
In general, two critical parameters in the electronic structure of the material should be
considered to design new efficient photocatalysts: the forbidden Eg, that influence the
absorption spectrum, and the flat band potential, Vfb, that affects the probability of charge
recombination [66]. The equilibrium of Fermi levels of a semiconductor at the interface with
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an electrolyte solution (or another semiconductor) leads to bending band edges. This
phenomenon consists of a charge transfer from one side to the other side of the interface. The
flat band potential Vfb is defined as the potential required to bring the semiconductor band edges
back to their flat band positions. Thus, this parameter study leads to evaluating the charge
carriers involved in the process [67].
The flat band potential can be evaluated by Electrochemical Impedance Spectroscopy (EIS) by
plotting the capacitance versus voltage measurements, and under specific circumstances (EF >
EF(redox)), the Mott–Schottky model can be used to determine the Vfb of a semiconductor:
1
2
𝑘𝐵 𝑇
(𝑉 − 𝑉𝑓𝑏 −
)
=
2
2
𝐶
𝜀𝜀0 𝐴 𝑒𝑁𝐷
𝑒

(1.5)

where C is the interface capacitance (Farad, m*kg*s*C), ε the dielectric constant of
semiconductor (kg*m3*s-2*C-1), V the applied potential (kg*m2*s-2*C-1), Vfb the flat band
potential (kg*m2*s-2*C-1), Nd the doping density (m-3), A the charge depletion area (m-2), kB
the Boltzmann’s constant (C*K-1), T the room-temperature (K). In general, the Mott Schottky
equation results are obtained by plotting the inverse square of the space charge layer
capacitance versus semiconductor electrode potential and extrapolating the straight line of the
curve. The Mott Schottky model yields two direct details. First, the value of the slope of the
line provides information on the doping density of the semiconductor: the decrease in the slope
corresponds to an increase in donor density. Second, the intercept of the line with the electrode
potential (eV) on the x-axis provides an estimation of the value of Vfb. Allowing the
measurements of the semiconductor CB energy level related to the reference potential. Figure
9 shows an example of a plotted Mott–Schottky model. The measurement is performed in a
photoelectrochemical cell. A thin film of the photocatalyst is coated on the glass-based
photoanode and immersed in a liquid electrolyte under controlled conditions, using a
potentiostat as electronic hardware. More details are provided in Paper IV.

Figure 9: Representative Mott–Schottky data.

Many oxidative and reducing species are usually formed through radical-chain processes
initiated by photogenerated holes and electrons. Briefly, at this stage, the photocatalytic activity
depends on the catalyst's ability to create electron-hole pairs, which subsequently generate free
radicals to undergo different secondary reactions.
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In recent years, several methods have been studied to reveal the generation of reactive radicals.
Electron paramagnetic resonance (EPR) or electron paramagnetic spectroscopy (EPS) is one
method for detecting reactive radicals as intermediates in photocatalytic redox reactions [3,68].
EPR, revealing the analyte's unpaired electrons, represents a useful tool to establish the
photogenerated charge carriers' transference mechanism between surfaces or environmental
interfaces. This method was employed during this study, and more details can be found in
Paper I.
As a more straightforward approach, radical trapping experiments in the gas or liquid phase
may also detect the reactive radicals that play the principal roles' redox reaction. The method
is based on chemical reactions employing selected scavengers [35]. This approach was applied
in this study, and more information is presented in Paper II.
1.2.5.

Recent strategies for advanced materials in heterogeneous photocatalysis

Photocatalysis has proven a remarkable development since Fujishima and Honda's
breakthrough discovery in 1972 [21]. Nevertheless, there are some limits concerning its
efficiency, feasibility, and environmental benefits, particularly on an industrially relevant scale
[26,69]. Much effort has been dedicated to the eco-friendly enhancement of some common
photocatalysts' fundamental properties from this perspective. Figure 10 shows some of the
most popular approaches.

Figure 10: A synthetic illustration showing the design strategies for advanced photocatalysts.

a. Advanced material: morphology regulation and nanoscience
The advent of nanotechnology and nanoscience has recently succeeded in many fields, such as
environmental, energy, and biological engineering, representing a new trend in developing
highly active and functional materials [70]. Nanomaterials are defined according to their
dimensions and shapes, which vary from dots (0D), tube, rod, and wire particles (1D), sheets
(2D), or arrays of 1D structures (3D). The morphology and the dimensions vary the properties
of materials, providing potentially optimal solutions in practical applications.

28
In the past decades, the effect of nanosize in photocatalysts has been investigated, discovering
unique photophysical and catalytic properties [71]. Nanoscience expands from conventional
bulk and colloidal materials (10–100 nm) to nanosized or small clusters (1–10 nm). At the
nano-scale, material properties are governed by quantum confinement and cluster surface
chemistry: the physical properties strictly depend on the surface area, and the dimension and
the structural morphology influence the electronic behavior. First, nanosized photocatalysts,
with a higher surface area, generally provide high light absorption. Second, nanotechnology
offers the possibility to explore the new phenomena observed when the material size and the
electromagnetic field (light wavelength) match [71]. The nano-atoms' size and shape allow
fine-tuning of the energy in discrete electronic states and optical transitions, resulting in
controlled light absorption and further optical properties. According to their strong
photoluminescence, nanosized semiconductors should be considered poor photocatalyst
candidates.
On the contrary, due to the minimized structural distances, the charge carriers' diffusion time
is so fast that the normal recombination processes lose importance concerning the transport and
trapping effects. Nanoscale architectures exhibit unique optical and electronic properties
required in many photo-functional materials and their applications [72,73]. Third, as a practical
consideration, modified nano-based photocatalysts can be prepared with simple approaches
such as sol-gel, hydrothermal, and solvothermal methods [36,74,75]. It is useful to highlight
that reproducible and straightforward synthetic method are desirable, especially for their
potential industrial utilization feasibility.
Finally, the easy functionalization of nanoparticles can provide a further implementation in
advanced material science. New routes to design nanohybrid systems are ideal methods to
enhance light-harvesting properties and charge-transfer processes [76–79]. Moreover,
nanostructure assembly behavior is easier to control, leading to photocatalyst preparation with
specific properties, functions, and applications. In conclusion, nanoscience and
nanotechnology open a conceptual direction for developing new efficient photocatalysts.
However, a higher level of understanding is still needed, for example, on the correlations
between sizes and photocatalytic properties [80].
b. Advanced materials: heteroatoms doping
The effects of chemical composition, such as heteroatom doping, have been widely recognized
as valid approaches to enhance photocatalytic processes. These methods alter their electrical,
optical, and structural properties by adding impurities into the intrinsic semiconductors, leading
to attracting superior activities. Nowadays, many doped materials have been developed, such
as the use of metal cations, non-metal anions, or non-metal molecules, demonstrating
enhancement in the absorption ability and beneficial influence of the electronic structure of the
pure semiconductor [81–83].
The most employed metal cations used in heteroatom doping for semiconductors include
transition metal ions (Fe3+, Co3+, Mo5+, Ru3+, Ag+, Cu2+) [84]. The redox energy states of metal
cations, lying within the semiconductor's band gap states, can introduce intra-band states near
the CB or VB edge of the precursor, leading to a redshift in band gap absorption. This effect
may contribute to charge carrier migration between the doped cations' electrons and the
corresponding semiconductors' bands. Moreover, in some cases, the metal cations may act as
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charge carrier traps, regulating the equilibrium concentration of electrons and holes in the
overall photocatalytic process. Additionally, some transition metal cations, providing new
energy levels, improve the corresponding semiconductor activity by acting as electron donors
or acceptors. This approach's disadvantages include the relative structural instability, expensive
precious metals, and the increase in recombination rate, making this strategy limited in
particular circumstances.
As an alternative, appropriate non-metal doping has proven to be a valuable option to modify
semiconductors’ electronic structure and improve photocatalytic performance [85]. For
example, the introduction of non-metal impurities, such as N, C, and S, can introduce energy
levels above the photocatalyst VB, resulting in beneficial photocatalytic performance [86–88].
In general, the availability, stability, and nontoxicity of such dopant ions are among the
advantages of non-metal over metal elements [89]. Briefly, great photocatalytic performances
have been reported by doping semiconductors; thus, this successful approach merits continuing
efforts.
c. Advanced materials: heterostructures
Properly engineered composite photocatalysts have also shown successfully increased
photocatalytic activities. The approach provides a combination of multiple materials. The
materials' synergetic actions improve photogenerated electron-hole pairs' spatial separation,
decrease their recombination rate, and enhance photocatalytic performance. The principle
stands in forming interfaces between semiconductors with unequal band level structures that
may lead to the formation of band alignments [90]. In general, different configurations were
developed and classified in conventional or new generation heterostructures. The conventional
heterojunctions are sorted into three types according to the relative position of the
semiconductors’ energy levels: type I with a straddling gap, type II with a staggering gap, and
type III a broken gap (Figure 11).

Figure 11: Schematic illustration of the three types of conventional light-responsive heterojunction
photocatalysts.

In type I heterojunctions, the redox reactions performed on the second semiconductor's
surface with a lower redox potential generally suppress the whole photocatalyst's efficiency. In
type II heterojunctions, the energy levels of the first semiconductor, VB, and CB are higher
than those of the second material. The photogenerated electrons tend to migrate from the first
to the second material, which reduces potential. The holes migrate from the second to the first
material, which has a lower oxidation potential. In this case, the beneficial spatial separation
of electron-hole pairs assures high photocatalytic performance. The electron-hole transfer
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results are unsuitable in type III heterojunctions due to the semiconductor energy levels'
configuration. In summary, the type II heterojunction is considered the most effective structure
to improve semiconductor performance in light-driven catalysis, and, for this reason, it has
received greater attention in many photocatalytic applications [91].
In general, traditional heterostructures’ redox ability may result in sacrifice because the redox
processes at the surfaces occur on the semiconductor with lower reduction and oxidation
potentials. To overcome the mentioned problem, Z-scheme photocatalysts were first proposed
by Bard [92] and then further improved by other researchers [93,94]. In brief, a Z-scheme
photocatalytic system is based on two different semiconductors (P1 and P2) that are not in
direct contact and a pair of acceptor/donor (A and D), which interact in the charge transfer
process (Figure 12). However, conventional Z-scheme photocatalysts are mainly applicable in
the liquid phase, limiting specific applications. As an alternative, all-solid Z-scheme
photocatalysts can provide a solid electron mediator between the two semiconductors. This
structure was employed in liquid, gas, and solid media. However, the solid mediators required
are very expensive, limiting large-scale applications [95,96] Figure 12. However, the
conventional Z-scheme photocatalysts are mainly applicable in the liquid phase, limiting
specific applications. As an alternative all-solid Z-scheme photocatalysts can provide a solid
electron mediator between the two semiconductors. This structure was employed in liquid, gas,
and solid media. However, the solid mediators required are very expensive, limiting large-scale
applications [95,96] (Figure 12).
Hierarchical direct Z-scheme photocatalyst was prepared, with a relatively cheap method,
combining two different semiconductors, without the electron mediator Figure 12. The
electrostatic attraction formed between electrons and holes favored the charge transfer
optimizing the overall redox potential concerning conventional heterojunctions [97–100].

Figure 12: Schematic illustration of the most popular Z-scheme light-responsive photocatalysts.

As an efficient alternative, p–n heterojunction photocatalysts can be considered (Figure 13).
The advantage of such a system includes the suitability of the separation process, from a
thermodynamic point of view, due to the specific configuration of the energy levels [101]. The
system results in higher and faster separation charges concerning the traditional type-II
heterojunction photocatalysts due to a synergetic effect between the internal electric field and
band alignment. Moreover, the p–n heterojunction photocatalyst morphologies' easy tunability
results in enhanced specific surface area and amount of active surface sites, leading to improved
photocatalytic activity [102].
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Finally, the surface heterojunctions are a valuable alternative due to the unique phenomenon
of charge separations observed on the crystal facets using a single semiconductor (Figure 13).
Different crystal facets were employed in the system to contain separated band structures [103].
This engineered design enables a positive charge separation characterized by affordable
fabrication costs to face economic feasibility because only one semiconductor can be
employed. Notably, the redox potential loss can also be minimized with a suitable small
difference in the band structure of the material facets [104,105].

Figure 13: Schematic illustration of p-n heterojunction and surface heterojunction light-responsive
photocatalysts.

To date, practical applications and commercialization of heterojunction photocatalysts still
require further insights and progress. Future research should probably focus on developing
facile, efficient, and economic preparation methods, especially on a large scale for practical
industrial applications. Advancements in morphological control, contact-interfaces,
crystallization, and hierarchical assembly may lead to potential developments parallel with
nanoscience and nanotechnology. A study on the photogenerated charges' migration pathways
is required to confirm the reason for the success of the different types of heterojunctions.
Theoretical calculations and modeling methods should attract relatively more attention to better
comprehend the processes' kinetics. Finally, more efforts to design materials for heterojunction
photocatalysts also seem favorable to optimize morphological and optoelectric properties,
fulfilling requirements such as visible light activity, high solar-conversion efficiency,
structured redox reactions, photostability, and scalability for industrial commercialization.
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1.3

Research Objectives

This research project aims to develop new semiconductors or composites with enhanced
photocatalytic activity under visible light irradiation. This work aimed to perform fundamental
experiments to investigate new photocatalysts' performance, focusing on their preparation,
characterization, and potential applications. Figure 14 describes the approach schematically.

Figure 14: Schematic representation of the research approach adopted.

33

1.4

Hypothesis

Metal halide perovskites recently emerged as new frontier materials, and they were efficiently
used in multiple photoelectrochemical applications due to their particular properties. For this
reason, MHPs were employed in this research work based on two principal hypotheses:
- MHPs are considered a new promising class of cheap and easy-to-make semiconductors,
useful for different visible-light-driven photocatalytic applications.
- A heterostructured photocatalyst may provide higher photocatalytic activity when properly
engineered due to multiple materials' synergetic action.

1.5

Scope of study

This work studies the synthesis of metal-halide perovskite-based photocatalysts and their
potential in particular for visible-light-driven applications. The efficiencies of the materials
were tested in different photocatalytic reactions and conditions. The photocatalytic
mechanisms, including the correlations between the achieved results and the photocatalysts'
optoelectric properties, were discussed. All measurements and experiments employed
laboratory-scale reactors. In the system, the metal-halide perovskites were first tested alone
rather than in composition with other materials used as supports. All photocatalysts were
characterized in their morphological, optical, and electrochemical properties using different
advanced techniques. The as-prepared materials were applied for wastewater treatments and
hydrogen production. However, the research mainly focused on wastewater experiments. In
the particular case of photodegradation experiments, the by-products and the involved reactive
oxygen species (ROS) were detected and exanimated to highlight the hypothetical mechanisms
of degradation.

1.6

Delimitation of study

Research on new photocatalytic materials is a field in continuous expansion due to their
environmental and energy impacts. To date, an enormous number of materials and systems
have been reported in the scientific literature as potential photocatalysts. The paper aims to
highlight methodological considerations in the design of a new photocatalyst. Due to the
relative novelty of the employed material, some former research limits should be discussed.
The solvothermal approach was selected for its synthetic simplicity and reproducibility to
obtain the desired products. However, further studies on parameter optimization could
influence the photocatalytic efficiency of the resulting materials.
A similar principle should be applied to choosing a simple reactor that was selected to avoid
complicated design. The current research was conducted on a lab-scale; thus, pilot-scale reactor
construction was not considered at this stage. Finally, the current research was based on
experimental tests and analytical approaches. The mathematical modeling of the involved
processes was not considered at this stage.
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2 Metal halide perovskites
Recent years have witnessed an incredibly high fever in perovskites as a new family of
advanced materials for different light-based technologies. Metal halide perovskites (MHPs)
have attracted academic interest due to their easy production and excellent optical and
electrochemical properties. Remarkably rapid development and comprehensive studies involve
MHPs, due to the great results achieved in photovoltaics and photochemical applications.
MHPs are considered promising candidates in different light-driven technologies, such as lightemitting diodes, photodetectors, lasers, X-ray detectors, or luminescent solar concentrators.
These materials' advantages include high extinction coefficients, suitable band gaps, high
photoluminescence quantum yields, and long electron/hole diffusion lengths [1,106–108].
Pioneer reports first appeared in the photovoltaic field, where MHPs were used to enhance the
performance of self-organization dye-sensitized solar cells supported on nanoporous TiO2
layers [109,110]. The extinction coefficients of MHPs, across the entire visible range, and the
enhanced conversion efficiency, comparable to the traditional solar cells, make this family of
materials very appealing [111].
Moreover, MHPs have shown other distinct advantages, such as structural simplicity and
flexibility and optical and electrochemical properties tenability, leading to remarkable attention
in different fields [106,112]. Therefore, due to the several properties presented, MHPs have
also been considered great candidates for photocatalytic applications. As first, Park et al. [107]
succeeded in the employment of methylammonium lead iodide (CH3NH3PbI3, MAPbI3) for
generating hydrogen via light-driven splitting from hydrogen iodide solution. Later, other
researchers investigated the potential of MHPs in different photocatalytic reactions [113–118].
In this work, different types of MHPs were prepared and tested as visible light active
photocatalysts. The photoelectrochemical properties of MHPs, considered driving forces for
successful photocatalysis, are considered the research work guidelines. The exciting results
achieved in many recent research works seemed good reasons to investigate this family of
materials for potential photocatalytic applications. These promising materials' limitations are
discussed to explore their real potential utilization, economic feasibility, and environmental
sustainability.

2.1

Fundamental Structure and Composition

The exceptional morphological and photoelectrochemical properties of MHPs were among the
main factors that motivated considerable attention to this class of materials for light-based
applications. Generally, MHPs have a structure defined as ABX3. The A-site contains a hybrid
organic-inorganic monovalent cation (methylammonium MA+, formamidinium FA+), an
inorganic cation (cesium Cs+), or a mixing of these ions. The B-site generally consists of a
metal element of the XIV group of the periodic table in a divalent oxidation state (lead Pb 2+,
tin Sn2+, germanium Ge2+...) or mixing of them. The X-site usually consists of a halide anion
(iodine I−, bromide Br−, or chlorine Cl−) or mixing of them. In general, the cations in the A-site
determine the structural orientation between the main cage's layer, leading to transitions in the
optoelectric properties, the interfacial energy levels, and the absorption abilities [119–121]. In
particular, the A-cation size can affect the structure's symmetry, causing distortions on the BX bonds, influencing the framework's electronic features [122]. Among the hybrid organic-
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inorganic MHPs, MA+ has been widely employed as a cation in the A-site due to its size, which
allows lower packing symmetry, higher band gap, and higher efficiency concerning other
cations [119]. In hybrid organic-inorganic MHPs (HOIPs), an organic cation occupies the Asite position. Recently, researchers replaced the organic fraction with inorganic metals to
overcome the long-term and environmental instability of hybrid materials. The
commercialization of hybrid MHPs has demonstrated that environmental stability represents a
fundamental requirement; thus, temperature, light, and humidity conditions should always be
considered during the tests. The organic components in MHPs, such as MA+ and FA+ ions,
may undergo various degradation and decomposition pathways due to the different
environmental factors [123,124]. All-inorganic MHPs have emerged as a valuable alternative
and new class for optoelectric devices and in other applications. Therefore, many researchers
have successfully replaced the organic fraction with inorganic components, such as Cs+, to
increase the devices' long-term stability [125,126].
Moreover, in the A-site position, mixed organic and inorganic cations can enhance the stability
of hybrid MHPs toward thermal and moisture stresses [127,128]. In general, by proceeding
through the periodic table's IV group elements, B-site modulation was affected by reducing the
divalent oxidation state stability. Moreover, enhancing the elements' electronegativity and
covalent characters decreases the band gap and electron pair effect [24,129]. Among allinorganic MHPs, lead-based material has received considerable attention, overcoming stability
issues, and maintaining remarkable electrochemical properties [130]. Many researchers have
focused their interest on Pb-based MHPs, eventually doped with Cs or Rb, because they
showed relatively higher power conversion and stability in the air atmosphere [131]. However,
to provide a more environmentally friendly solution, other ions have been employed to replace
lead. For example, lead, known as a toxic element, was substituted or partially substituted by
tin (Sn) with interesting results in solar-cell devices [132]. From a similar perspective, calcium
(Ca) [133,134], manganese (Mn) [135,136], strontium (Sr) [137], and bismuth (Bi) [138] have
been employed in B-site, resulting in relatively higher environmental stability and, in some
cases, even higher application performance. B-sites play an essential role in environmental
stability, and divalent ions in this position are desirable [139]. The selection of the halogen
element in the X-site has also demonstrated a significant impact, particularly on both the optical
and electrochemical properties of the MHPs. In general, along with the XVII group of the
periodic table, going from chloride (Cl) to I (iodide) elements, the bond strength between the
A-site cation and the halogen element decreases, and the valence and conduction band tend to
move closer, decreasing the value of the optical band gap [140,141]. This effect can be
considered beneficial for the enhancement of visible light photocatalytic performance.
Moreover, X-site modulation with mixed halogen ions has demonstrated enhanced stability
and reduced charge carrier recombination, leading to superior application performance
compared to the single ion-based counterparts [109,130,142–144]. Band gap engineering and
compositional modulation were also considered. For example, the cover of almost the entire
visible spectral region was achieved by employing a suitable Cl/Br ratio (410–527 nm) and
Br/I ratio (527–700 nm) [140].
In conclusion, the morphology and composition of MHPs influence several factors, such as
environmental stability, activity performance, and toxicity, and they must be carefully
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considered to produce breakthrough perovskite-based materials according to the target
application [145–147].

2.2

History and traditional application (photovoltaics and diodes)

In the current society, the discovery and implementation of materials for energy storage and
production using solar light as renewable energy resources have an important impact as a
sustainable source of power with low environmental impact. In this context, the last century
has witnessed the advent of a new generation of materials, MHPs, which emerged for their
remarkable properties useful for many applications. In very few years, MHP-based solar cells
showed an incredibly rapid increase in power conversion efficiency from 3.8% up to 23.3%.
This discovery opened the way to further light-energy-related applications as challenges of the
century [1,148]. The halide perovskite-based materials are easy to prepare, and they have a
characteristic versatility in terms of composition. According to morphology and composition,
the easily tunable properties of MHPs lead to a new avenue for many applications. The term
perovskite was created in 1839, when Perovski, a Russian mineralogist, discovered the
structure of calcium titanate (CaTiO3) [149,150]. In the last decades, these materials have
increased their employment in numerous academic fields with hundreds of peer-reviewed
publications (Figure 15).

Figure 15: Trends of the published scientific articles on metal halide perovskites and academic fields
(Scopus.com).

Around one century later, the born of the term perovskite, the first employment of MHPs,
highlighted their crystal size effects in particular on the excitonic optical spectra of copper
nanocrystals and silver colloids [151,152]. In the beginning, for many decades, MHPs did not
receive relevance despite pioneering studies, probably due to their defective applicability [153–
155]. More recently, the remarkable photoelectrochemical properties of MHPs have found
relevance in many technologies [109,156–158]. Among the first successful applications, the
Miyasaka group in 2005 [159] applied MHPs on mesoporous TiO2 electrodes, inspired by
quantum photochemistry studies of Teshima and Kojima [160,161]. HOIPs initially achieved
remarkably positive results due to their enhanced absorption in the visible light range. In 2014,
solution-based colloidal approaches were employed by Schmidt et al. [162], achieving similar
benefits in the use of MHPs. However, the relative instability of HOIPs, especially in humid
conditions, opened up the way for alternatives, including the fabrication of all-inorganic MHPs.
Among all-inorganics MHPs, CsPbX3 (X= Cl, Br, I) is to date the most investigated due to its
ability to cover the entire visible spectrum and its high quantum efficiency [163]. The discovery
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of the rare properties of MHPs has expanded their studies on other applications, such as lightemitting diodes (LEDs), photodetectors, X-ray detectors, memory devices, and more. The
incredibly fast progress achieved in MHP-based applications can be related to their
interdisciplinary nature, which required the cooperation of chemists, physicists, and engineers,
gaining the interest of a large community of researchers worldwide. However, despite the
enthusiastic achievements, the practical relevance, limits, and potentials of MHPs remain
unclear or partially unexplored, leaving researchers a lot to discover. Among the most
traditional investigations based on MHPs, photovoltaic solar cells and light emission diodes
(LEDs) are discussed before exploring the more recent MHP-based photocatalytic applications.
2.2.1.

Photovoltaics

As previously discussed, MHPs were initially used as an alternative to dye molecule-based
sensitized solar cells due to their exceptional absorption coefficients and the ability to extend
the absorption in the visible light range of the solar spectrum [108,164,165]. MHPs have long
carrier diffusion lengths, and remarkable performance was achieved in planar heterojunction
architectures [166,167]. In 2014, the power conversion efficiency (PCE) of perovskite-based
solar cells led up to 19.3% when applied in sandwich-structure in between n-type electrons
collector layer (TiO2) and p-type holes transporting materials (organic Spiro-OMeTAD) [2].
Only one year later, the inconvenient large hysteresis exhibited by the previously mentioned
structure was reduced using a thin layer of mesoporous TiO2, preserving the great stability
[168]. Moreover, this system recorded a high charge extraction and low electron accumulation,
which are usually considered beneficial effects for solar power conversion [107]. In the same
year, an efficient alternative was provided by Yang et al. [169] substituting TiO2 with an
organic n-type layer in the so-called p–i–n perovskite cells. The decrease in the density defects
led to the beneficial effect of the organic materials.
Moreover, in this configuration, all the advantages of organic photovoltaics were maintained,
for example, the low-temperature solution process and the easy energy level alignment
tenability at the interfaces [170]. There is no doubt that all the reported advantages have
predicted a successful perspective for the employment of MHPs in future technologies. Multijunction hybrid devices also provide a cost-effective and efficient MHP-based solar cell. The
perovskites were supported on silicon, copper, or indium gallium selenide in these
configurations, leading to valuable opportunities in the commercial field [107]. The
adaptability and processability of MHPs make them easy to display on multiple layers via
solution or vapor deposition, leading to the construction of flexible formats. In the future, many
technologies would take advantage of employing MHPs, including lightweight and high-power
photovoltaics, space applications, air transportation, and military industries.
Moreover, the ability of MHPs to range from rigid to flexible and from semi-transparent to
colored solar-powered systems are advantageous technological features to be considered an
evident and rich toolbox in the next generation of photovoltaic devices [171–173]. Nowadays,
MHP-based solar cells have achieved a certified PCE of 25.2% for small and 16.1% for largearea solar modules, comparable with the most traditional commercialized devices such as Si or
GaAs-based devices [111]. Moreover, the convenient costs of fabrication revealed the further
advantages of MHP-based devices compared with traditional ones. Finally, one should mention
that many challenges remain; for example, the development of studies for MHP-based device
cost analysis may guarantee their future commercialization [174–176].
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2.2.2.

Light-emitting diodes

Besides the recent advancement in photovoltaics, MHPs also promise a bright future for lightemitting diodes (LEDs). Their advantageous properties, such as high color purity, high
luminance yield, low non-radiative recombination rates, and suppressed defect formation, have
recently gained the attention of many researchers [112]. LED technology uses light energy to
produce electricity; thus, it is useful in several modern applications, such as lighting, flat-panel
displays, medical devices, and more. In general, non-radiative recombination mainly limits the
efficiency of LED. The photogenerated charge carriers tend to recombine without releasing
photons, trapping the light; thus, considerable improvements in the device's efficiency are still
required. Traditional approaches usually involve complicated fabrication processes or may face
application complications, such as distortion of the output-spectrum or light-direction, leading
to lower efficiency of the devices [177,178]. In general, heterostructure-based semiconductor
LEDs have shown many advantages by controlling fundamental parameters such as the
electronic band structure, the band gaps, refractive indices of material, and the effective mass
and mobility of charge carriers. In particular, the development of MHP-based semiconductors
in photovoltaics prompted engineers to re-focus their application in other emerging fields, such
as LEDs, lasers [179], and even radiation detectors [180,181]. Recently, MHPs have been
successfully employed in bright LEDs due to their impressive photophysical properties, such
as high defect tolerance and excellent photoluminescent quantum yield.
Moreover, their photoluminescent emissions and band gaps can easily be tuned by changing
their compositions [182–184]. The rapid increase in the number of studies on MHP-based
LEDs has made a remarkable progression in merely five years, comparable to the development
of MHP-related photovoltaics [185]. On the other hand, MHP-based LEDs, as an early-stage
technology, present some issues and require further developments, such as higher quality of
the perovskite films and higher charge injection efficiency. Finally, the long-term stability and
lifetime of MHP-based LEDs are still limited to commercialization.
Thus, the MHP-based LEDs demonstrated outstanding advantages and, despite some
challenges to be addressed, they can be considered valuable alternatives to the traditional
LEDs, gaining merits for further study to understand their full and real potential.
2.3

Photocatalytic applications

The development of green and economically sustainable approaches to convert solar irradiation
to chemical energy is a cornerstone challenge within the current society. Solar irradiation is by
far the largest renewable source providing every year total power of about 2×105 TW at the
Earth’s surface that it is about 6,000 times the current human consumption [186].
Semiconductor-based photocatalysis is a sustainable technology efficiently used in many
processes, such as hydrogen production, CO2 conversion, raw organic material
transformations, and wastewater organic compound photodegradation. Different
semiconductors have been studied for photocatalytic applications, but many times with a
significant lack of efficiency. Photocatalytic applications are powerful tools able to convert
light into available chemical energy and have currently attracted extensive scientific interest.
Some of the expectations of such advantageous technology include:
i) The conversion of sunlight directly into chemical energy using the charge carriers,
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ii) The potential of green energy production
iii) The environmental friend degradation of undesirable pollutants.
Heterogeneous photocatalysis is a powerful and sustainable technology for energy and
environmental challenges at a global level. This explains academics' interest, pushing for
productive efforts, especially for commercializing such green technology. To date, MHPs, as
a new generation class of cheap and easy-to-prepare semiconductors, have a relatively
restricted widespread in applications concerning their potential. Indeed, MHPs have emerged
as a new promising class of cheap and easy-to-make photocatalysts, even though their unstable
bounds and crystal structures have restricted widespread applications. MHPs, due to their
recent breakthrough as remarkable light-harvesting materials, are considered potential
photocatalysts suitable for solar power conversion applications. The intensive research on
MHPs led to rapid employment growth, making it one of the fastest-developed histories [180].
The advantages of MHPs include a direct band gap, efficient charge transport, long carrier
lifetimes, and long charge diffusion lengths of photogenerated charges. This argument makes
MHPs excellent candidates for photocatalytic applications.
Among the critical issues pressing the current era, one should mention the increasing energy
demand due to population and industrialization's fast growth. Nowadays, many challenges need
to be critically faced, such as the depletion of limited fossil fuel sources and the predicted
climate change, mainly due to CO2 emission originated from the abusing of carbon-based fuels
[187]. Photovoltaic technologies, which account for about 18% of the world’s energy demand,
play a principal role. However, synthetic solar fuels such as hydrogen evolution reaction (HER)
are considered a promising alternative. One of these technology's main advantages is their
renewability and sustainability, representing a significant source from a post-fossil fuel point
of view [188]. The instability towards water and moisture represented one of the significant
limits in the MHP-based HER technology. To overcome the mentioned issue, the researchers
focused on two main approaches: protecting the material or the medium solution's substitution.
Stable MHP-based photocatalytic systems included the encapsulation or the use of capping
agents on MHPs. Fusible alloys such as InBiSn may enable the use of MHPs immersed in an
aqueous solution for hydrogen production [187]. A more recent report found a sandwich-like
structure CH3NH3PbI3-based photocathode supported on metal foils, providing superior
performance and good stability in a water medium and under continuous illumination [189].
An alternative suitable method involves H2 generation from saturated halo acid solutions. The
adopted approach provided an improved understanding of the photocatalytic potential of
MHPs, contributing to the development of efficient solar-driven hydrogen fuel production
[190].
Moreover, structural, compositional, and doping engineering have been recently widely
developed to provide new strategies for modulating the photocatalytic activity of MHP
hydrogen production [118,191–197]. Table 1 reports a summary of some recent MHPs used in
photocatalytic HER application compared to the TiO2, considered the most employed material
in light-driven field applications [198]. The mentioned studies highlight the great potential of
MHPs in promoting photocatalytic HER, opening the way for the alternative utilization of their
use towards efficient solar energy conversion.
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Table 1: MHPs used in photocatalytic HER
Photocatalyst

Specifics

Irradiation

Medium

Results

Ref.

CH3NH3PbI3

Photocatode
encapsulated metal
alloyd layer

Solar simulator
150W, 100mWcm2
, AM 1.5G and IR
filters

aqueous electrolyte
solution

Faradaic efficiency
95.1%

[187]

CH3NH3PbI3

Sandwich-like
Photocatode

Solar simulator
100mWcm-2, AM
1.5G

phosphate buffer
solution

Faradaic efficiency
100%

[189]

CH3NH3PbI3

Pt/ CH3NH3PbI3

Solar simulator
100W, λ > 475

hydroiodic acid
solution H3PO2
stabilizer

Apparent quantum
efficiency 0.81%

[190]

CH3NH3PbI3

Pt/TiO2/MAPbI
Heterojunction
photocatalyst

Solar simulator
100W, AM 1.5G

hydroiodic acid
solution

H2 evolution apparent
quantum efficiency
70% (420 nm) HI
splitting efficiency
0.86%

[118]

CH3NH3BrI3

hybridizing with
Pt/Ta2O5 and
PEDOT:PSS
nanoparticles film

Xe lamP 300 W,
150mWcm-2, λ >
420 nm

hydroboric
acid/hypophosphorous
acid solution

Apparent quantum
efficiency 16.4% (440
nm)

[196]

CH3NH3PbI3

CoPi/BiVO4CH3NH3PbI3
architecture

Xe lamp, 300 W,
120 mW cm−2, λ≥
420 nm

sodium
sulfate/sodium sulfite
phosphate buffered
aqueous solution

Solar-to-hydrogen
conversion efficiency
of 2.5% at neutral pH

[195]

CH3NH3PbI3

CH3NH3PbI3 /rGO
photocatalyst
powder

Xe lamp, 300 W,
100mWcm-2, AM
1.5G

hydroiodic acid
solution H3PO2
stabilizer

Apparent quantum
efficiency1.40% (450
nm)

[194]

CH3NH3PbI3

Ni3C decorated
CH3NH3PbI3

Xe lamp, 300 W, λ
> 420 nm

hydroiodic acid
solution H3PO2
stabilizer

Apparent quantum
efficiency 16.6%
(420nm), 16.5%
(450nm), 14.3%
(500nm)

[193]

CH3NH3BrI3-XIx

Pt/ CH3NH3BrI3-XIx
Photocatalyst

Solar simulator
100W, AM 1.5G

hydroiodic/hydroboric
acid solution

Apparent quantum
efficiency 8.10% (450
nm) HI splitting
efficiency 1.06%

[192]

CsPbBr3

CsPbBr3 perovskite
nanocrystals
Ru@TiO2 in
toluene

Laser, 50mW, 445
nm

Triethylamine,
trifluoroacetic acid

Apparent quantum
efficiency about 1%
(455 nm)

CsPbBr3-xIx

Pt/CH3NH3PbBr3xIx Photocatalyst

Xe lamp 300 W, λ
> 420 nm

aqueous
hydroboric/KI
solution

Apparent quantum
efficiency 2.15% (450
nm)

[191]

P25 TiO2/Pt

-

250W Hg lamp
(300-400 nm)

Pure water

Apparent quantum
efficiency 1.40%

[198]

[197]
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On the other hand, fossil fuel processing and their abuse have generated a critical amount of
hazardous emissions, such as the notorious greenhouse gas CO2 that heavily contributed to
current climate change. About 20% of global emitted air pollution consists of CO2, resulting
from the combustion of natural gas used for heating, electricity, or chemical feedstock [4,68].
Pioneering works have recently attracted remarkable attention to photocatalytic CO2
conversion. The properties of MHPs have recently stimulated their employment in CO2
photoreduction. As for the other technologies, the relatively low stability of MHPs at room
conditions represents one of the primary limits. Structural and morphological modifications
were applied to enhance the activity and selectivity of MHPs. Capping and encapsulation
approaches were employed to address the stability problem. On the other hand, suitable low
polar media, such as ethyl acetate, were considered to reduce the dissociation of MHPs during
the reduction process. Table 2 provides a brief overview of MHP-based photocatalytic CO2
reduction compared to the more employed photocatalyst TiO2 [199].
In summary, highly active MHP- and MHP-based materials have been successfully prepared
as photocatalysts for the CO2 reduction process, exhibiting good activity and stability and
proving that this family of materials represents a promising candidate for a great range of
practical applications.
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Table 2: MHPs used in photocatalytic CO2 photoreduction
Electron
consumption Selectivity
Ref.
rate
%
μmol g-1 h-1

Photocatalyst

Specifics

Irradiation

Conditions

Products

CsPbBr3

nanocrystals

Xe lamp, 300 W,
AM 1.5G

ethyl acetate
solution

CO, CH4,
H2

20.9

99.0

[200]

CsPbBr3

nanocrystals

Xe lamp, 100 W,
150 mW cm-2, AM
1.5G

ethyl acetate
solution

CO, CH4,
H2

23.7

99.3

[201]

CsPbBr3/GO

CsPbBr3/GO

Xe lamp, 100 W,
150 mW cm-2, AM
1.5G

ethyl acetate
solution

CO, CH4,
H2

29.8

99.1

[201]

CsPb(Br0.5/Cl0.5)3

CO2 and ethyl acetate

Xe lamp, 300 W,
AM 1.5G

ethyl acetate
solution

CO, CH4

85.2

99.0

[202]

Xe lamp, 100 W,
AM 1.5G

ethyl acetate
solution

CO, CH4

17.5

100.0

[203]

Cs2AgBiBr6

CsPbBr3 QDs/Pd
nanosheets

CsPbBr3 nanocrystal/Palladium
nanosheet

Xe lamp, 150 W,
nonaqueous ethyl CO, CH4,
visible light (>420
acetate
H2
nm)

33.1

93.5

[204]

CsPbBr3@ZIF-8

CsPbBr3@Zeolitic Imidazolate
Framework Nanocomposite

Xe lamp, 100 W,
150 mW cm-2, AM
1.5G

CO2+H2O

CO, CH4

15.5

100.0

[205]

CsPbBr3

nanocrystals

Xe lamp, 100 W,
visible light (>420
nm)

CO2+H2O

CO, CH4

8.3

[205]

CsPbBr3@ZIF-8

CsPbBr3@Zeolitic Imidazolate
Framework Nanocomposite

Xe lamp, 100 W,
visible light (>420
nm)

CO2+H2O

CO, CH4

12.4

[205]

CsPbBr3@ZIF-67

CsPbBr3@Zeolitic Imidazolate
Framework Nanocomposite

Xe lamp, 100 W,
150 mW cm-2, AM
1.5G

CO2+H2O

CO, CH4

29.6

CsPbBr3@ZIF-67

CsPbBr3@Zeolitic Imidazolate
Framework Nanocomposite

Xe lamp, 100 W,
visible light (>420
nm)

CO2+H2O

CO, CH4

27.5

CsPbBr3

nanocrystals

Xe lamp, 100 W,
150 mW cm-2, AM
1.5G

ethyl acetate
solution

CO, CH4,
H2

8.6

90.3

[206]

a-TiO2/CsPbBr3

Xe lamp, 100 W,
amorphous-TiO2 encapsulated
150 mW cm-2, AM
CsPbBr3 Nanocrystal Composite
1.5G

ethyl acetate
solution

CO, CH4,
H2

64.5

95.5

[206]

CsPbBr3

CsPbBr3 Nanocrystal Decorated Xe lamp, 100 W,
ZnO Nanowires/Macroporous 150 mW cm-2, AM
Graphene
1.5G

Gas CO2+H2O

CO, CH4

52.0

100.0

[207]

ethyl acetate
solution

CO, CH4

85.2

99.0

[202]

CsPb(Br0.5/Cl0.5)3

CO2 and ethyl acetate

Xe lamp, 300 W,
AM 1.5G filter

100.0

[205]

[205]
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CsPbBr3-Ni(tpy)

CsPbBr3
Xe lamp, 300 W,
Perovskite Nanocrystals by
visible light λ >400 ethyl acetate/water CO, CH4
Immobilizing Metal Complexes nm,100 mW cm-2,

1252.0

100.0

[208]

Xe lamp, 300 W,
100 mW cm-2, AM
1.5G

Gas CO2+H2O

CO, CH4,
H2

8.1

99.5

[204]

Xe lamp, 300 W,
Cu-loaded reduced graphene oxide
100 mW cm-2, AM
(Cu-RGO)
1.5G

Gas CO2+H2O

CO, CH4,
H2

103.0

98.5

[204]

acetonitrile/water

CO

297.8

100.0

[209].

CsPbBr3 QDs /UiO- Perovskite-type CsPbBr3 quantum Xe lamp, 300 W, λ
ethyl acetate/water CO, CH4
66(NH2)
dots/UiO-66(NH2) nanojunction
>400 nm

18.5

100.0

[210]

Perovskite Quantum Dots in IronXe lamp, 300 W,
Based Metal–Organic
100 mW cm-2, λ ethyl acetate/water CO, CH4
>420 nm
Frameworks (MOFs)

112.0

100.0

[211]

CsPbBr3

Cu/CsPbBr3@rGO

nanocrystals

CsPbBr3 perovskite quantum dots
CsPbBr3 QDs/PCN
on porous g-C3N4

MAPbI3 QDs/FeMOF

Xe lamp, 150 W,
AM 1.5G

TiO2 P25

-

Xe lamp, 100 W

Gas CO2+H2O

-

10.0

56.0

[199]

TiO2 P25

-

Xe lamp, 100 W

Solution H2O

-

13.0

19.0

[199]
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The sunlight power as a unique natural energy resource has increased researchers' interest in
many fields beyond the HER or CO2 reduction processes. A visionary idea has recently
addressed the employment of sustainable photocatalytic technology in organic synthesis.
Photocatalytic organic synthesis aims to replace traditional hazardous processes with
sustainable and energy-efficient methods to reduce toxic chemicals to minimize the final
residues and by-products. Recent reviews have highlighted the green aspects expected by
synthetic organic photochemistry, recognizing the economic and ecological benefits achievable
in the industrial field with the potential for the large-scale production of fine chemicals [212–
214].
Recent literature has reported remarkable results, with extraordinary and unexpected results in
MHP-based photocatalytic organic synthesis under visible light [215–219]. An exciting
advantage of the use of MHPs includes the variants that were reported for many photocatalytic
transformations using both HOIPs [220] and all-inorganic MHPs [216,217]. In particular, the
most impressive results have been achieved with lead-free Cs3Bi2Br9 photocatalyst that
exhibited good stability and excellent conversion, mainly ascribed to the combination of the
photocatalytic ability and the presence of suitable Lewis-acidic centers on the surface of the
bismuth-based material [216]. MHPs were directly employed in organic solvents showing high
efficiency on α-alkylation of aldehydes under the irradiation of a single-wavelength blue LED
light [218]. The main advantages recorded in the MHPs-based photocatalytic synthesis are the
requirement of only readily available and cheap non-noble materials, the high catalytic activity,
the simple preparation of the catalysts, the potential activation of a broader range of organic
substrates due to easy band edge-tuning, and the employment at room condition without the
necessity of further parameters control. The environmental benefit achievable by employing
MHP-based photochemical synthesis represents a hot topic in the current academic field.
Table 3 summarized some of the most recent works on MHP-based photocatalytic organic
synthesis.
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Table 3: MHPs used in photocatalytic organic synthesis
Photocatalyst

Irradiation

Photocatalytic Reaction

Conversion
%

Ref.

FAPbBr3

Simulated solar lamp, AM1.5G

oxidation of benzylic alcohol

15

[220]

nano-FAPbBr3

Simulated solar lamp, AM1.5G

oxidation of benzylic alcohol

11

[220]

FAPbBr3/TiO2

Simulated solar lamp, AM1.5G

oxidation of benzylic alcohol

63

[220]

FAPbBr3/SiO2

Simulated solar lamp, AM1.5G

oxidation of benzylic alcohol

13

[220]

FAPbBr3/TiO2

Simulated solar lamp, λ >500
nm

oxidation of benzylic alcohol

13

[220]

CsPbI3

Vis LED 420-700 nm

thiophenol coupled to disulfide

58

[215]

CsPbBr3

Vis LED 420-700 nm

thiophenol coupled to disulfide

98

[215]

CsPbBr2Cl

Vis LED 420-700 nm

thiophenol coupled to disulfide

98

[215]

CsPbBr0.5Cl0.5

Vis LED 420-700 nm

thiophenol coupled to disulfide

68

[215]

CsPbBrCl2

Vis LED 420-700 nm

thiophenol coupled to disulfide

35

[215]

CsPbCl3

Vis LED 420-700 nm

thiophenol coupled to disulfide

12

[215]

CsPbCl3

UV LED max 400 nm

thiophenol coupled to disulfide

93

[215]

CsPbCl3 + Br2

Vis LED 420-700 nm

thiophenol coupled to disulfide

62

[215]

Cs3Bi2Br9

visible light ≥ 420 nm

alcoholysis of styrene oxide in IPA

> 99

[216]

Cs3Bi2Br9

visible light ≥ 420 nm

alcoholysis of styrene oxide in IPA

> 99

[216]

CsPbI3

visible light ≥ 495 nm

polymerization of 3,4-ethylenedioxythiophene

32.6

[217]

CsPbBr3

Blue LED 455 nm

α-alkylation of aldehydes

> 99

[218]

CsPbBr3 NCs

Blue LED 12 W 455 nm

synthesis aldehyde

85

[219]

CsPbBr3 NCs

Blue LED, 12W, 455 nm

synthesis tertiary amines

90

[219]

CsPbBr3 NCs

Blue LED, 12W, 455 nm

cyclization of benzaldehyde phenylhydrazone

88

[219]

MAPbBr3

Blue LED, 12W, 455 nm

cyclization of benzaldehyde phenylhydrazone

75

[219]

CsPbBr3 NCs

Blue LED, 12W, 455 nm

cyclization of ethyl (Z)-3-phenyl-3(phenylamino)acrylate

93

[219]

MAPbBr3

Blue LED, 12W, 455 nm

cyclization of ethyl (Z)-3-phenyl-3(phenylamino)acrylate

65

[219]

CsPbBr3 NCs

Blue LED, 12W, 455 nm

coupling of benzoic acid with 4-bromotrifluorobenzene

78

[219]

CsPbBr3

Blue LED, 4.6 W

photopolymerized styrene

12

[221]
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Increasing human industrial, agricultural, and municipal activities have alarmingly increased
hazardous pollution in the environment. Uncontrolled industrialization has introduced
numerous new contaminants that have become challenging to remove with the currently
available technologies. Moreover, nearly a third of the worldwide population is estimated to
lack safe drinking water access. The mentioned deficiency is mainly addressed to developing
and less populated regions, but a critical future of urban water treatment systems was also
recognized in developed countries [222]. Usually, municipal drinking water and wastewater
are treated in centralized facilities, and then they are transported through large and old pipe
networks. Therefore, beyond the pollution coming from the industrial and personal care
product effluents, the aging infrastructure and the limited resiliency against the current growing
population is challenging the wastewater facilities.
Moreover, unsuitable implementation in isolated communities needs shifts towards
decentralized treatments with a smaller-scale approach, closer to the point of consumption.
From this perspective, heterogeneous photocatalysis is a suitable option to address the
previously presented management and practical issues. For example, photocatalytic-based
wastewater treatments may enable the development of highly effective materials capable of a
large variety of pollutant degradation under light irradiation. In particular, this technology
produces strong oxidizing species (such as reactive oxygen species (ROS) capable of degrading
toxic organic pollutants, non-biodegradable matter, and recalcitrant residues in ambient
conditions. Moreover, this application may reduce the costs of energy demands, employing
modular target systems; thus, it can satisfy specific needs for water supply, the wastewater
treatment plants, and the final users. MHPs can be considered a promising material among the
different photocatalysts because of their efficient light-absorption performance, high catalytic
efficiency, structural simplicity, and flexibility. To date, only a few studies have reported the
use of MHPs for wastewater treatments. Generally, this is mainly due to their relative
environmental instability, especially in water mediums. However, two considerations should
be considered to supplement our understanding of the importance of current research. First,
successful methods were previously presented to overcome the environmental instability of
MHPs, such as capping agents, encapsulation, and coupled-materials systems with stable bonds
[223]. Secondly, MHP-based photocatalytic applications for organic pollutant degradation are
in their very early stages, and many developments are expected in the future. The MHPs-based
photocatalysts for organic contaminants lead to remarkable results due to the visible light
absorption ability, remarkable charge transport, and reduced recombination rate of the
photogenerated electrons and holes. In general, due to the environmental stability, all-inorganic
MHPs [114,224–228] have been preferred to HOIPs [229,230] because the organic fraction
may induce the instability of the overall systems.
Moreover, the combination of MHPs in heterogeneous systems showed an enhancement in the
degradation efficiency due to the increased separation of photogenerated charge carriers
[116,225]. Nowadays, the approach of MHPs and MHP-based photocatalysts for organic
pollutant degradation is in its early stage. However, the preliminary results seem to provide
great promises for future developments.
Table 4 briefly summarizes some of the recent applications of MHP-based materials for
photocatalytic organic contaminant degradation.
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Table 4: MHPs used in photocatalytic wastewater treatments
Photocatalyst

Specifics

Pollutant

Irradiation

Ref.

TlCdI3

nanoparticles

methylene blue dye

UV Light

[224]

CsSnBr3

all-inorganic perovskite

crystal violet dye

Visible-Light

[227]

CsSnBr3

all-inorganic perovskite

methyl orange dye

500 W Xe lamp, visible
light

[226]

CsPbCl3

quantum dots

methyl orange dye

500 W Xe lamp, visible
light

[226]

CsPbBr3

quantum dots

tetracycline hydrochloride in
ethanol

300 W Xe lamp, 420 nm
cut-off filter

[114]

CsPbBr3

quantum dots

tetracycline hydrochloride in
water

300 W Xe lamp, 420 nm
cut-off filter

[114]

CsPbBr3

quantum dots

tetracycline hydrochloride in
isopropanol

300 W Xe lamp, 420 nm
cut-off filter

[114]

CsPbBr3

quantum dots

methyl orange dye in ethanol

300 W Xe lamp, 420 nm
cut-off filter

[114]

OHNH3PbI2Cl

hybrid organic-inorganic
MHPs

dye Direct Yellow 27

Solar light lamp

[229]

OHNH3PbCl3

hybrid organic-inorganic
MHPs

dye Direct Yellow 27

Solar light lamp

[229]

methylene blue in water

Visible light lamp

[225]

Cs3Bi2I9-OA
Cs3Bi2I9-OA/Ag2S

heterostructure

methylene blue in water

Visible light lamp

[225]

Cs3Bi2I9-OA/TiO2

heterostructure

methylene blue in water

Visible light lamp

[225]

Cs3Bi2Br9-OA

heterostructure

methylene blue in water

Visible light lamp

[225]

Cs3Bi2Br9-OA/Ag2S

heterostructure

methylene blue in water

Visible light lamp

[225]

Cs3Bi2Br9-OA/TiO2

heterostructure

methylene blue in water

Visible light lamp

[225]

Cs3Bi2Br9

nanoparticles

methylene blue in isopropanol

Visible light lamp

[225]

Cs3Bi2Br9-OA NCs

heterostructure

methylene blue in isopropanol

Visible light lamp

[225]

IO-CsPbBr3

Inverse Opal Structured
perovskite

Rhodamine 6G

Solar light lamp (AM 1.5)

[228]

Cs3Bi2I9 perovskite on
UV100–TiO2

heterostructure

Methanol

LED 455nm lamp

[116]

(CH3NH3)3Bi2I9

hybrid organic-inorganic
MHPs

Rhodamine B

(CH3NH3)3Bi2I9

hybrid organic-inorganic
MHPs

Rhodamine B

150 W Halogen lamp,
visible light

[230]

LED Visible light lamp
[230]
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(CH3NH3)3Bi2I9

hybrid organic-inorganic
MHPs

Methylene Blue

150 W Halogen lamp,
Visible light

[230]

(CH3NH3)3Bi2I9

hybrid organic-inorganic
MHPs

Reactive Blue

150 W Halogen lamp,
Visible light

[230]

(CH3NH3)3Bi2I9

hybrid organic-inorganic
MHPs

Mix Crystal violet – Methylene
Blue

150 W Halogen lamp,
Visible light

[230]
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2.4

Current limitations and future prospective

The past years have witnessed a phenomenal rapid development of MHP-based light-driven
applications. The remarkable performance achieved can be ascribed to their suitable band gaps
and strong absorption coefficients, matching the visible portion of the solar spectrum, high
charge carrier mobility, long photogenerated carrier lifetime, and diffusion. This research study
focused attention on the potential of this new generation class of materials in photocatalytic
processes, aware of the remarkable results and fast development achieved in traditional
applications such as solar cells and LEDs. Several promising approaches have been identified
to overcome some of the limits in MHP-based photocatalysis. First, in future research, the
improvement for long-term catalytic cycling and operational stability of MHPs should be
addressed. Partial or total substitution of Pb in B-site with similar medium-sized metallic
particles (such as Sn and Bi) seemed to maintain similar performances with an increase in
environment stability without compromising efficiency. Doping methods were also recognized
as beneficial to provide higher stability in MHP structures, beneficially enhancing the
interaction between the ions and the crystal frame. Capping layers or encapsulation methods
can limit contact of the MHPs with the solvent, providing resistance toward material
degradation. The design of suitable chemical structures and engineering device architectures
have also gained significant attention to provide higher stability to MHP-based devices.
Furthermore, these approaches can facilitate charge carrier separation and transportation,
increasing the overall system's performance. Reactions in halo acids or solutions with relatively
low polarity provided useful alternatives to overcome the instability of MHPs towards the
water, particularly in HER processes. Second, new strategies to improve the photocatalytic
efficiency of MHP are also fundamental. Higher photocatalytic efficiency was recorded using
composite systems. However, there are several alternatives to increase MHP photocatalysis
activity, such as metal-based co-catalysts to accelerate the surface reaction rate, nanostructure
morphologies such as nano-sheet nano-platelets to increase the surface area and density of
reaction sites, and novel heterojunctions to enhance charge separation. The organic chemistry
field seems beneficial to enlarge the target raw organic material transformations and develop
new chemical reactions. The previously reported MHP-based transformations appeared to be
relatively narrow in comparison to most employed semiconductor photocatalysts. For example,
extended reactions by combining MHPs with other materials seemed a promising approach for
high value-added organic syntheses.
Moreover, high specificity and selectivity is a further promising direction to enhance MHPbased photo-redox catalysis applications. Finally, the improvement of the redox abilities of
MHP-based photocatalysts is a required future challenge. The relatively narrow band gaps of
MHPs may result in relatively weak redox abilities specifically related to the VB edge and low
oxidation efficiency. New photocatalytic reactions, such as water oxidation or volatile organic
compound mineralization, may also represent new potential MHP-based applications.
Combining other semiconductors can be considered a potential pathway to enhance the light
absorption and redox ability of MHPs. Alternatively, encapsulating the perovskite layer in a
solar cell architecture with applied voltage can enhance the redox ability of MHP-based
photocatalysts.
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In conclusion, the introduction of MHP-based photocatalysts in practical applications is far
from optimal, and, to date, it is limited to the current energy demand and environmental issues.
However, the revised state-of-the-art demonstrates that MHPs represent an emerging material
for several light-driven technologies. One definitively holds strong motives to consider MHPs
as new generation materials due to their easy preparation, low-cost materials processing, and
remarkable optical, electrochemical, and photo-physical properties. Despite the relatively early
stage of discovery, the field of MHP-photocatalysts is highly promising, and this research work
is intended to be a prelaminar guide to study their potential.
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3 Materials and Methods
3.1

Synthesis

3.1.1.

Hybrid organic-inorganic perovskites (HOIPs)

Hybrid organic-inorganic perovskite is easy with a reproducible, one-step, solvothermal
method. The organic precursor, methylammonium iodide (CH3NH3I), was synthesized by
mixing methylamine (CH3NH2) and hydrogen iodide (HI) for two hours in an ice bath at 0 C.
After the solution evaporation at 50 C, the solid was recovered and washed with diethyl ether
to remove the residues and dried on a hot plate. The organic precursor was mixed in about in
an organic solvent (γ-butyrolactone or N, N-dimethylformamide) with the selected iodide (PbI2
or BiI3) at 60 C until evaporation, and finally ground to obtain a homogenous powder. In
Paper I and Paper II, methylammonium iodide (CH3NH3I) was selected as an organic
precursor because, according to the literature, its radius was structurally more suitable,
resulting in low packing symmetry [231]. The lead was selected as iodide, due to the previously
reported harvesting performance and efficiency achieved in the photovoltaic field [232]. The
IV group elements of the periodic table, starting from Pb to Ge, generally showed lower
stability in the divalent oxidation state, leading to a decrease in band gap value combined with
reduced inert electron pair effects [233]. CH3NH3PbI3 demonstrated great harvesting ability,
but, unfortunately, its low humidity stability can lead to the leaching of Pb2+, as a toxic
bioavailable cation, making it disadvantageous for many applications, before further protection
of the particles. On the contrary, bismuth-based HOIPs can be suitable candidates as
photocatalysts for environmental stability [234]. For this reason, hybrid organic-inorganic
methylammonium iodobismuthate perovskite (CH3NH3)3Bi2I9 was synthesized and applied as
a visible light photocatalyst (Paper II).
3.1.2.

All-inorganic MHPs

Hybrid organic-inorganic halide perovskites demonstrated promising results as visible light
photocatalysts. However, the relatively low water stability and possible decomposition due to
the labile organic components usually required further modification to provide efficient
environmental remediation materials. All-inorganic MHPs have recently gained attention as
potential alternatives, partially solving the stability and toxicity issues related to lead-based
HOIPs [235,236]. Recently, replacing the organic cation by cesium, Cs+, to form completely
inorganic perovskite structure resulted materials with light harvesting efficiencies as high as
those of the analogous HOIP ones, solving both the stability and toxicity [235,236].
Cesium bismuth iodide (Cs3Bi2I9), selected for its low toxic and environmental stability, was
tested as a promising visible light photocatalyst (Paper III). All-inorganic Cs3Bi2I9 perovskite
was synthesized by mixing cesium and bismuth iodides using dimethylformamide as an organic
solvent at 60 C. After the solvent's complete evaporation, the recovered solid was washed
with diethyl ether to remove the organic residues. The sample was dried and finally ground in
a mortar to obtain a fine homogenous powder.
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3.1.3.

MHP-based composites

TiO2 is the most investigated photocatalyst due to its advantageous properties, such as
oxidative efficiency, chemical stability, nontoxicity, and low cost [237,238]. However, its
photocatalytic ability can be improved due to slow catalytic reactions and low visible light
absorption [239]. In particular, TiO2 exhibits a wide band gap (Eg  3.2 eV), thus only UV or
higher-energy photons are effective, accounting for only 5% of the total solar radiation energy
[40]. Moreover, charge generation and separation efficiency are still considered limiting
factors, leading to a fast recombination rate of the photogenerated charge carriers and low
photocatalytic efficiency [237]. The increase in photocatalytic activity and the extension of the
light absorption range of TiO2 represents a current challenge in the academic field. Recently,
semiconductor heterostructures have been investigated for their ability to enhance the
separation efficiency of photogenerated charges [240]. In a heterostructure configuration, band
bending may induce the photogenerated charge carriers to migrate from one semiconductor to
the other, resulting in more efficient separation of charges. The former mechanism can reduce
the recombination rate of electrons and holes, increasing the charge carrier lifetime and finally
improving photocatalytic efficiency [241]. Moreover, the coupled optoelectric properties can
further extend the light-harvesting range and efficiency, improving solar energy utilization
[242].
In this study, all-inorganic MHPs, Cs3Bi2I9, and anatase-TiO2 (UV100) were combined in a
heterostructured material for photocatalytic applications (Paper IV). The Cs3Bi2I9:TiO2
composite was synthesized by applying a simple impregnation method. The solids were
prepared in deionized water under sonication. The obtained powder was recovered from the
suspension by centrifugation and calcined at 400 C for 4 hours. Before the characterization,
the material was ground in a fine and homogenous powder. The relationship between
aggregation, agglomeration, and photocatalytic activity was studied employing four different
weight ratios of the pristine materials. Figure 16 shows a simple scheme of applied synthesis.
Graphitic carbon nitride (g-C3N4) has recently been a hot spot for intensive investigation as a
potential material for sustainable energy conversion and photocatalytic applications [243].
Moreover, remarkable scientific efforts have been made to combine this carbon-based material
with other semiconductors to fabricate nanocomposites with excellent visible light
photocatalytic performance for environmental remediation [244]. In this study, an all-inorganic
MHP was combined with g-C3N4 in different ratios to evaluate the potential increase in
photocatalytic ability (Paper V). In the preparation method of the composite, the g-C3N4 sheets
were dispersed in hexane under ultra-sonication. Afterward, Cs3Bi2I9 was added, in different
loads, to the suspension and ultra-sonicated for about half an hour. The material was collected
by centrifugation and dried at 40 °C. Figure 16 shows a simple scheme of syntheses. Table 5
shows a summary of the prepared materials investigated in the next chapters.
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Figure 16: Schemes of the synthesis of the prepared materials.
Table 5: Summary of the as-prepared materials.
Metal Halide Perovskite

Photocatalyst

Organic precursor

Inorganic precursor

Solvent

Paper

PbI2

GBL

Paper I

BiI3

DMF

Paper II

DMF

Paper III

DI water

Paper IV

Hexane

Paper V

CH3NH2
CH3NH3PbI3
HI
HOIP
CH3NH2
(CH3NH3)3Bi2I9
HI
CsI
Inorganic MHP

Cs3Bi2I9

BiI3
Cs3Bi2I9

Cs3Bi2I9:TiO2

-

MHP-based composites

TiO2 Hombikat UV100
Cs3Bi2I9:g-C3N4

-

Cs3Bi2I9

3.2

Characterization

3.2.1.

Structural and morphological characterization

X-ray diffraction (XRD) was used to analyze the materials' structure to identify the samples'
crystalline phases and reveal their chemical composition. Figure 17a, b, and c present the
collected XRD patterns of the bare MHPs. The results were supplemented by comparison to
the available literature, leading to the successful preparation of CH3NH3PbI3 [245],
(CH3NH3)3BiI3 [246], and Cs3Bi2I9 [247].
In Papers I-II-III, the analyses are reported in detail. The novel composites (i.e., TiO2 and gC3N4), with different molar ratios of MHPs showed a consistent change in the structure of the
XRD patterns, respectively, in Cs3Bi2I9:TiO2 (UV100) (Figure 17d) and Cs3Bi2I9:g-C3N4
(Figure 17e). See Papers IV–V for further details.
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Figure 17: XRD spectra of (a) CH3NH3PbI3, (b) (CH3NH3)3BiI3, (c) Cs3Bi2I9, (d) Cs3Bi2I9:TiO2, and
(e) Cs3Bi2I9:g-C3N4.

The morphological characterizations of the prepared materials were carried out using scanning
electron microscopy (SEM), respectively, for CH3NH3PbI3 (Figure 18a), (CH3NH3)3BiI3
(Figure 18b), and Cs3Bi2I9 (Figure 18c). SEM analyses provided insights into the
morphological properties, including the particle size, crystallinity, and homogeneity in shape
and size in the powdered samples. The bare MHPs crystallized well, maintaining a homogenous
distribution of the size of the particles. Particle size distribution measurements were found to
be in the order of nanometres for CH3NH3PbI3, micrometers for (CH3NH3)3BiI3, and Cs3Bi2I9.
Energy-dispersive X-ray spectroscopy (EDX) was applied to investigate the elemental analysis
and the samples' chemical characterization (Figure 18d-f), confirming the successful synthesis.
Further details are presented in Papers I–III.
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Figure 18: SEM and EDX analyses for (a,d) CH3NH3PbI3, (b,e) (CH3NH3)3BiI3, and (c,f) Cs3Bi2I9.

The SEM images of the Cs3Bi2I9:TiO2 composite are shown in Figure 19a. TiO2 (Hombikat
UV100) exhibited a narrow range of homogeneous particles in shape and size, with a surface
rich in pores. The high specific surface area of TiO2, as found in Brunauer–Emmett–Teller
measurements (BET), can facilitate the implant of functional species on its surface. The
presence of Cs3Bi2I9 on the surface of TiO2 was revealed by enhancement in the samples'
roughness.
Transmission electron microscopy (TEM) was employed to confirm that the single components
exhibited similar precursors' morphology, remaining unchanged after the treatment in the
organic solvent (Figure 19b). The different lattice fringes of the MHPs on the UV100 revealed
the formation of the target composite. EDX results confirmed the coexistence of TiO 2 and
Cs3Bi2I9 without exhibiting any remarkable contamination by other chemical species (Figure
19c). For further details, see Paper IV.

Figure 19: (a) SEM image, (b) TEM image, and (c) EDX analysis for Cs3Bi2I9:TiO2.
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Photograph of g-C3N4 and composites prepared with different amounts of 0.1 and 0.01% of
MHPs are presented in Figure 20a. It shows the change in the colour of the original carbonbased material that is usually light yellow. After the composition, the colour turned into purple,
accordingly with the presence of Cs3Bi2I9. The interfacial interactions between g-C3N4 and
MHPs in the Cs3Bi2I9:g-C3N4 composite were confirmed by TEM analysis (Figure 20b-d).
The pristine materials' structures were maintained: the layered sheets of g-C3N4 and the
hexagonal configuration of the Cs3Bi2I9, indicating negligible changes after the solvent
treatment. The smooth surface of the Cs3Bi2I9 particles, about 45–50 nm in size, became
rougher after anchoring the carbon-based sheets. The different lattice fringes detected between
the materials confirmed the successful formation of the target composite.
Moreover, environmental-SEM (ESEM) analyses were performed for further morphological
information on the samples. Back-scattered electrons were used in analytical SEM because the
signal's intensity is strongly related to the element's atomic weight in the specimen. The
presence of the two materials was confirmed: the higher molecular weight material in a lighter
color, (Cs3Bi2I9), and the lower, (g-C2N4), in a darker color (Figure 20e-g), a further
demonstration of the successful synthesis. Finally, EDX analysis confirmed the nature of the
darker spots, carbon, nitrogen, and the lighter spots, bismuth, and iodine (Figure 20h). For
further details, see Paper V.

59

Figure 20: (a) Powders photographs, (b-d) TEM images, (e-g) ESEM images, and (h) EDX analysis
for Cs3Bi2I9:g-C3N4.

3.2.2.

Optical and electrochemical characterization

Differential reflectance spectroscopy (DRS) is a well-known surface analytical technique to
evaluate irradiation light and solid photocatalysts' interaction, revealing the samples' harvesting
abilities. In general, all MHP-based photocatalysts show an excellent ability to harvest visible
light (Figure 21a). Absorption spectra were measured in the visible range, from 380 nm to 800
nm, demonstrating multi-absorption phenomena due to multi-absorption effects [248]. The
absorption spectra of the samples were processed with the Kubelk-Munk model to reveal the
values of the band gaps of CH3NH3PbI3 (CH3NH3)3BiI3, and Cs3Bi2I9, respectively equal to
1.58 eV (Figure 21b), 1.94 eV (Figure 21c), and 1.95 eV (Figure 21d). The results were
consistent with recent literature [248–250]. In Papers I-II-III, more details are presented.
The values of the optical band gaps of the composites were measured. As expected, light
absorption intensity in the visible light was enhanced with the increasing load of Cs3Bi2I9, with
a redshift respectively to 580 and 620 nm for Cs3Bi2I9: TiO2 (Figure 21e) and Cs3Bi2I9:g-C3N4
composites (Figure 21f). More details can be found in Papers IV–V.

60

Figure 21: Adsorption spectra comparison for CH3NH3PbI3, (CH3NH3)3BiI3, and Cs3Bi2I9 (A), and
Cs3Bi2I9:TiO2 (E), and Cs3Bi2I9:g-C3N4 (F); Kubelk-Munk model application for the determination of
the bandgaps of CH3NH3PbI3 (B), (CH3NH3)3BiI3 (C), and Cs3Bi2I9 (D).

In semiconductor electrochemistry, the Mott-Schottky plot can evaluate important information
on the system, such as flat band potential and other photoelectrical properties. In this study, the
Mott–Schottky plot's linear portion was employed to determine the composite materials' energy
levels' positions. In all the composites, Cs3Bi2I9:TiO2 (Figure 22a) and Cs3Bi2I9:g-C3N4
(Figure 22b), Mott-Schottky analysis evidenced the junction features of heterostructures that
strengthen the separation of electrons and holes. The energetic configuration of Cs3Bi2I9:TiO2
composite is presented in Figure 22b. According to the energy band alignment, the
photogenerated electrons are transferred from the VB of TiO2 into the CB of Cs3Bi2I9. Different
semiconductors provided a more efficient charge separation to respect the pristine materials,
leading to higher photocatalytic efficiency.
A similar analytic approach was applied to the Cs3Bi2I9:g-C3N4 composite. The configuration
of the energetic band position is shown in Figure 22d. Two contributions of the enhancement
in photocatalytic ability were considered. In the conventional heterojunction configuration, the
photogenerated charges are effectively separated due to the staggered band structures. In the
Z-scheme, the electrons may flow from the CB of g-C3N4, they may combine with the holes of
Cs3Bi2I9, acting as scavengers. The former double-charge transfer mechanism can enhance
charge separation. Both mechanisms are expected to lead to higher photocatalytic activity.
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Figure 22: (a) Mott–Schottky plots for Cs3Bi2I9:TiO2, and (c) Cs3Bi2I9:g-C3N4; (b) band alignment
schemes of Cs3Bi2I9:TiO2, and (d) of Cs3Bi2I9:g-C3N4.

3.3

Environmental applications

3.3.1.

Photocatalytic degradation of organic pollutants

Water pollution and scarcity are definitively global issues with negative impacts on the
environment and society. The environmental contamination of the last centuries has led to the
leaching of dangerous persistent contaminants. Among these substances, organic dyes are
considered highly toxic, and their uncontrolled discharge has a considerable impact on human
health and ecosystems [251]. Dye contamination was found in a broad range of products, such
as furniture, clothes, and accessories. They are often employed in many manufactures in
dyeing, textile, leather, tanning, ink, and paint factories. More than 10,000 different types of
dyes are estimated to be globally produced annually [252]. During their processing, up to 12%
of dyes are wasted, of which 20% usually enter the environment, mainly discharged in the
water bodies [253]. Most of the organic dyes are soluble in water. The potential bioavailability
of these substances leads to harmful effects for aquatic animals and plants.
Moreover, organic dyes are recalcitrant and resistant to most conventional chemical and
biological treatments, representing a threat to the environment and human health [254].
Organic dyes are commonly classified in thiazine dyes, such as methylene blue, xanthenes,
rhodamine B, and azo dyes, such as reactive blue 4. This research work investigated the
degradation of a variety of organic dyes with different chemical structures. The preliminary
test was based on a single dye solution, but typical industrial effluents contain contaminated
mixtures. For this reason, the treatment of a solution with mixed contaminants was investigated
to simulate potential real industrial wastewater. Table 6 summarized the properties of the
organic dyes investigated in this research work.
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Table 6: Characteristics of the investigated dyes.
λ max (nm)

MW (g/mol)

Rhodamine B

554

479.01

Methylene Blue

664

319.85

Crystal Violet

583

407.98

Reactive Blue 4

598

637.44

Name

Structure

Different methods to achieve effective dye removal have been investigated, such as
biodegradation, coagulation, adsorption, and membrane. The main limitations of traditional
methods include operating costs, non-biodegradable products, time-consuming processes, and
dye stability on treatments. Advanced oxidation processes (AOPs) are efficient methods for the
near-ambient degradation of soluble organic dyes from waters and soils, with an almost total
degradation of the contaminant [255]. Semiconductor-based heterogeneous photocatalysis is
considered one of the more effective AOPs due to its inexpensive character and its efficiency
in mineralizing various organic compounds. The photocatalytic process starts with the
irradiation of a solid photocatalyst by an appropriate external light source. When the electrons
are excited about the conduction band's valence, an electron-hole pair is formed as a separation
between positive (holes), and negative (electrons) charges. Both the electrons (e−) and holes
(h+) entities tend to migrate to the photocatalyst surface, where they can perform redox
reactions with other species present on the surface. In general, the holes react with H2O to
produce hydroxyl radicals, and electrons with O2 generating superoxide radicals. The free
radicals react with the organic dye, degrade its structure until the eventual mineralization to
CO2 and water. A pathway of RhB photocatalytic degradation was proposed (3.1-3.5). The
electrons and holes are separated under light illumination (3.1), photogenerating them as pairs.
The charge carriers, interacting with the external environment, can produce hydroxyl free
radicals and superoxide free radicals, (3.2). The superoxide radicals further react with protons
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and produce H2O2 (3.3), as a secondary source for the formation of hydroxyl radicals (3.4). The
free radicals have a high oxidative capacity and can oxidize dye-based organic compounds
such as RhB, MB, and MO to complete mineralization, finally release CO2, and H2O (3.5).
ℎ𝜈

𝑃ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 → ℎ𝑣𝑏 + + 𝑒𝑐𝑏 −

(3.1)

𝑒𝑐𝑏 − + 𝑂2 → • 𝑂− 2

(3.2)

• 𝑂− 2 + • 𝑂− 2 + 2𝐻 + → 𝑂2 + 𝐻2 𝑂2

(3.3)

𝐻2 𝑂2 + 𝑒𝑐𝑏 − → • 𝑂𝐻 + 𝑂𝐻 −

(3.4)

𝑅ℎ𝐵 + ℎ𝑣𝑏 + → 𝐶𝑂2 + 𝐻2 𝑂

(3.5)

The experimental techniques for recording dye degradation are different and can be divided
into qualitative and quantitative analyses. These methods usually involve UV–vis
spectrophotometer, gas chromatograph-mass spectrometer (GC/MS), high-pressure liquid
chromatography (HPLC), ion chromatography, capillary electrophoresis, and radiometry. In
most techniques, a prior filtration procedure is required to collect the photocatalyst to analyze
the solution.
In a typical experiment, photocatalytic efficiency was evaluated based on the degradation of
the target dyes as a function of time. The tests were carried out in Pyrex vessels filled on a
volume of dye-contaminated solution. A specified amount of solid photocatalyst was dispersed
in the solution. After a dark period to reach equilibrium, the solution was irradiated with a
specific light source, and samples were withdrawn at regular time intervals and analyzed with
the UV-vis spectrophotometer. The efficiency of dye removal is commonly determined as
follows:
𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 100 ∗ (1 −

𝐶𝑖
) (%)
𝐶0

(3.6)

where C0 is the initial concentration of dye, and Ci is the measured concentration at the time of
withdrawal.
Figure 23 shows the time-dependent degradation of RhB using CH3NH3PbI3 (a),
(CH3NH3)3Bi2I9 (b), and Cs3Bi2I9 (c) irradiated by visible light. Briefly, some considerations
are highlighted in the following bullets.
- Photolysis, the decomposition of dyes only due to the presence of light, was negligible. This
means that the presence of photocatalysts was required for an efficient photodegradation of the
target compound.
- In dark conditions, as an indicator of the photocatalyst's adsorption ability, no relevant
decrease in the dye concentration was recorded. This means that the photocatalytic procedure
was not directly that photocatalytic degradation is not mainly driven by adsorption.
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- For the experiment with CH3NH3PbI3, around 90% of the RhB photodegradation was achieved
in 180 minutes (Figure 23a). When (CH3NH3)3Bi2I9, the lead-free HOIP, was employed,
almost complete degradation of RhB was achieved in 180 minutes under halogen visible light
irradiation (Figure 23b). Moreover, around 90% of the degradation of MB was reordered in
the same period. Similarly, in the presence of the all-inorganic MHP, perovskite Cs3Bi2I9,
nearly complete degradation of about 93% of RhB was observed (Figure 23c). All the
presented results revealed the potential of the as-prepared HOIPs as visible light photocatalysts.
More details on the degradation efficiency of bare HOIPs and all-inorganic MHPs are reported
in Papers I-II-II.

Figure 23: (a) Photocatalytic dye degradation using CH3NH3PbI3, (b) (CH3NH3)3BiI3, and (c)
Cs3Bi2I9.
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A first-order kinetic model was found to properly describe the photocatalytic reactions. The
reaction rate constant k is determined by linearizing the integrated form of the mass balance in
the batch reactor:
ln(𝐶𝑖 ) = ln 𝐶0 − 𝑘 ∗ 𝑡

(3.7)

where k is the reaction rate (min-1), C0 is the initial concentration (mg/L), and Ci is the
concentration a time t. The logarithm of the concentrations’ ratios was plotted versus the time
resulting in a straight line. The slope of the linear regression is equal to the first-order rate
constant k. The R-squared value, denoted by R2, verified the correlation. Table 7 reports an
example of applying the first-order kinetic model for the lead-free HOIP (CH3NH3)3Bi2I9 in
the degradation of RhB, MB, and RBL in comparison with the bare BiI3 iodide. The results
show a good correlation for the first-order kinetic model, with an R20.95. The hybrid organicinorganic perovskite provided a higher first-order kinetic rate equal to 0.0221 min-1. Details
are reported in Paper II.
Table 7: Parameters included in the evaluation of the photocatalytic process
Dye

Catalyst

Dye concentration
(mg/L)

Catalyst load
(g/L)

Reaction rate constant
(min-1)

R2

RhB

BiI3

20

0.5

0.0048

0.95

RhB

(CH3NH3)3Bi2I9

20

0.5

0.0221

0.98

MB

(CH3NH3)3Bi2I9

20

0.5

0.0129

0.97

RBL

(CH3NH3)3Bi2I9

20

0.5

0.0006

0.98

The effectiveness of the synergetic effect of the Cs3Bi2I9:g-C3N4 were compared to the
precursors materials Cs3Bi2I9 and g-C3N4, in the photocatalytic degradation of RhB. The total
degradation of RhB was achieved after 120 minutes, the red line represents the rate of the
composite with lower amount of MHP respect the blue line (Figure 24a). This demonstrated
the higher performance achieved with the composites respect the bare perovskite and carbonbased material. The composite material was also tested for the degradation of different
pollutants. MO was completely degraded 180 minutes (Figure 24b), partial degradation of MO
was recorded in 300 minutes (Figure 24c). The higher activity on MB was correlated with the
substrates’ binding affinity, in terms of available active sites, and environmental conditions.
The results confirmed the visible light-based photocatalytic ability of the material on the
degradation of different organic dyes' degradation under visible light irradiation. More details
can be found in Paper V.
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Figure 24: (a) Photocatalytic degradation of RhB, (b) MB, and (c) MO under visible light irradiation.

An alternative and useful method to evaluate organic and inorganic compounds'
photodegradation is high-performance liquid chromatography (HPLC), an analytical chemistry
technique to separate, identify, and quantify a mixture's components. Intermediates were
identified using HPLC on the degradation of RhB at different time intervals. The photocatalyst
was separated using a reversed-phase column. RhB was associated with the peak at the
retention time equal to 7.5 minutes. The further peaks were associated with N-deethylation
process of the dye (Figure 25a), producing N,N,N-diethyl-N0-ethylrhodamine (I), N,Ndiethylrhodamine (II), N-ethyl-N0-ethylrhodamine (III), and N-ethylrhodamine (IV), as
reported in literature [256]. The chromatographs, corresponding to different time interval
withdraws, show a diminishing RhB peak. The decrease in the main peak indicated the
progressive photodegradation of the target compound, RhB (Figure 25b).
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Figure 25: (a) HPLC chromatogram of RhB peak and its associated by-products’ peak, (b) HPLC
results of RhB photodegradation in function of time.

In photocatalytic processes, methanol is a chemical not only employed usually as a scavenger
of holes but also as a model system for heterogeneous photocatalysis for formaldehyde
production. The generation of formaldehyde via photocatalytic oxidation of methanol is
desirable to respect the conventional methods due to the ambient reaction temperature and
pressure, the sustainability of the light energy source, and the simplicity of the design of the
reactive system. The methanol conversion to formaldehyde was investigated under visible light
irradiation using all-inorganic MHP-based composites, named Cs3Bi2I9:TiO2.
The experiment was conducted using a typical quartz reactor containing a methanol aqueous
solution. After a dark period to reach the adsorption equilibrium, a single-wavelength LED
source at 406 and 455 nm was used. The liquid samples were withdrawn at regular time
intervals, and filtered to separate the photocatalyst from the solution prior to the analysis. The
produced formaldehyde was determined by fluorescent analyses of the formed yellow-coloured
diacetyl-dihydro lutidine (DDL), produced by the prior addition of the Nash reagent (0.02 M
acetylacetone, 0.05 M acetic acid, and 2 M ammonium acetate) [257]. The evaluation of
photolysis and adsorption processes was previously investigated. The MHP-based composite
performance as photocatalyst for methanol oxidation was compared under UV and visible light
irradiation (Figure 26). Under UV light irradiation (Figure 26a), the reaction activity was
attributed to TiO2, a well-known UV-light photocatalyst. The photocatalytic activity of the
composite Cs3Bi2I9:TiO2, was enhanced in comparison to the commercial TiO2 (UV100).
Moreover, the positive result showed the composite as a promising visible light photocatalyst
(Figure 26b). A decrease in efficiency was recorded when the weight-ratio Cs3Bi2I9:TiO2 was
increased from 0.05 % to 0.5 %, probably due to the different degrees of aggregation: the MHPs
occupying the adsorption site on the TiO2 surface decreased its adsorption ability. The
composites showed a reaction rate of 50% and 44% higher compared to the pristine TiO2
(UV100). The efficiencies of the photo-oxidation of methanol in formaldehyde were further
compared by measuring the processes’ reaction rates, as shown in Table 8.
Similarly, the photocatalytic efficiency of the Cs3Bi2I9:g-C3N4 was evaluated (Figure 26c) and
compared in different environmental conditions (Figure 26d). The oxidation from methanol to
formaldehyde was described as follows:
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• 𝑂𝐻 + (𝐶𝐻)3 𝑂𝐻 → 𝐻2 𝑂 + • (𝐶𝐻)2 𝑂𝐻

(3.8)

• (𝐶𝐻)2 𝑂𝐻 + 𝑂2 → • 𝑂2 𝐶𝐻2 𝑂𝐻 → 𝐻𝐶𝐻𝑂 + • 𝑂2 − + 𝐻 +

(3.9)

Figure 26: (a) Cs3Bi2I9:TiO2-based methanol photooxidation under UV light, (b) Cs3Bi2I9:TiO2-based
methanol photooxidation under visible light, (c) Cs3Bi2I9:g-C3N4-based methanol photooxidation
under visible-light, (d) comparison of Cs3Bi2I9:g-C3N4 performances in the photodegradation of
methanol as formaldehyde production.
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Table 8: Reaction rate constants Cs3Bi2I9:TiO2-based photooxidation of methanol.
Cs3Bi2I9:TiO2
(UV100-0.1)

Cs3Bi2I9:TiO2
(UV100-0.5)

TiO2
UV100

k (min-1) – UV light

1.51

1.72

0.84

R2

0.99

0.99

0.95

k (min-1) – visible light

0.05

0.03

-

R2

0.95

0.98

-

3.3.2.

The effect of operational parameters

In photocatalytic processes, the pH can influence the process efficiency, especially in organicdye degradation. In particular, the initial pH of the solution modified the surface charges of the
photocatalyst. In photocatalysis, the photocatalyst’s absorption efficiency as a function of the
charges on its surface is a crucial process. A typical method to evaluate this effect is the point
of zerocharge analyses (PZC). The pH at the point of zero charge indicates the photocatalysts’
net surface charges that subsequently affect the photocatalytic activity. The dye-contaminated
solutions' pH was altered by incrementally adding either dilute HCl solution, enhancing the
acidic conditions, or diluted NaOH solution for an alkaline effect. The removal rate was found
to increase in acidic media when CH3NH3PbI3 was employed under visible light irradiation
(Figure 27a). In an alkaline medium, new oxidizing species can be formed, such as
hydroperoxy anions. These species can react with both reactive oxygen species, lowering the
reaction rate.
Similarly, the MB-contaminated solution's initial pH was modified when lead-free HOIPs,
(CH3NH3)3BiI3 was employed as photocatalyst. Figure 27b shows the photocatalytic results at
different initial pH values. At extreme pH values, complete photodegradation was recorded
(95%). In alkaline conditions, the presence of large quantities of hydroxide ions OH- favored
ROS formation, principal oxidizing species, leading to a directly reducing reaction of MB into
leucomethylene blue. At a strongly acidic pH, the photocatalyst was in a beneficial condition
of zero-point charge; thus, the enhanced adsorption led to increased photocatalytic efficiency.
Secondly, in acidic conditions, the aromatic structure of organic dyes can be cleaved easily.
The details are presented in Papers I–II.
The photodegradation efficiency is also influenced by the amount of photocatalyst loaded in
the solution. Generally, an enhancement of the photocatalytic reaction rate is associated with
an increase in catalyst load. The effect is associated with the increment of the number of active
sites on the photocatalyst surface, leading to an enhancement in the number of adsorption sites
available. On the other hand, the photocatalyst load also influences the turbidity of the solution.
Turbidity quantifies the scattering effect of suspended solids on light irradiation. The optimal
photocatalyst concentration depends on the balance between active sites' availability and the
scattering effect of the suspended solids in the solution [258].
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Figure 27e and Figure 27f show the effects of the photocatalyst load on the ability to remove
RhB and MB in aqueous solution, respectively, for CH3NH3PbI3 and (CH3NH3)3Bi2I9.
As expected, the photocatalytic performance increased with the catalyst load up to a certain
amount and then decreased for previously mentioned reasons. Moreover, an overload of
photocatalysts can further induce particle deactivation by collision with ground-state
molecules, reducing the reaction rate [259].
Similarly, the concentration of contaminants is a parameter to be considered in photocatalytic
processes [258]. In general, more molecules are adsorbed on the surface of the photocatalyst
when the concentration of dye is enhanced. At a high concentration of the contaminant, the
generation of radicals on the photocatalyst's surface is reduced by the active sites' potential
competition. Moreover, the turbidity of the solution is influenced by the concentration of
pollutants. As reported in Figure 27c and Figure 27d, an enhancement of the pollutant
concentration decreased the photocatalytic reaction rate. More details are available in Papers
I–II.
The photocatalytic mineralization of organic contaminants is often tricky, and it is typically
prolonged to complete. A potential approach to overcome this drawback is to assist the
photocatalytic processes with external electron acceptors, such as H2O2. Assisted H2O2photocatalysis can influence the overall photocatalytic efficiency by increasing the reaction
rate and accelerating the process. The oxidant's photolysis generates free radicals (3.10) as a
fundamental part of the photocatalytic process's reaction rate improvement (3.11).
ℎ𝜈

𝐻2 𝑂2 → 2𝑂𝐻 •

(3.10)

𝑒𝑐𝑏 − + 𝐻2 𝑂2 → 𝑂𝐻 • + 𝑂𝐻 −

(3.11)

Moreover, H2O2 as an electron acceptor can reduce the recombination rate of photogenerated
charge carriers, a desirable effect in photocatalysis.
Figure 27g shows the effect of H2O2-assisted photocatalytic degradation of RhB by increasing
the oxidant concentration. A comparison of the reaction rates is presented in Table 9. More
details are presented in Paper I.
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Figure 27: pH effects CH3NH3PbI3 (A), (CH3NH3)3BiI3 (B); Initial dye concentration effects
CH3NH3PbI3 (C), (CH3NH3)3BiI3 (D); photocatalyst load effects CH3NH3PbI3 (E), (CH3NH3)3BiI3 (F);
hydrogen peroxide dose effect (G).
Table 9: Reaction rate constants as a function of hydrogen peroxide dosage.
Experiment

CH3NH3PbI3 assisted photocatalysis H2O2 10−5 mol∙L−1

Reaction rate constant
(min−1)

R2

0.27

0.94

−1

1.29

0.92

CH3NH3PbI3 assisted photocatalysis H2O2 10−3 mol∙L−1

6.52

0.92

−4

CH3NH3PbI3 assisted photocatalysis H2O2 10 mol∙L
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3.3.3.

The effect of multi-contaminated water solution

In industrial wastewater, it is hardly possible that contaminate steam consists of single dye
contamination. Therefore, realistic studies were performed in a mixture of different dyes,
simulating wastewater that can belong, for example, to textile or printing industries where more
dyes are discharged in the same basin. In terms of simplicity, it is useful to select the type of
contaminants that can be detected separately, for example, dyes with different emission
wavelengths. The photodegradation of a mixed aqueous solution of CV and MB was evaluated
in the presence of lead-free HOIP under visible light irradiation. The well-distinguishable
characteristic peaks are shown in Figure 28a. The relatively low photocatalytic efficiency,
concerning single-dye degradation, is associated with the two contaminates' competition for
the photocatalyst adsorption surface sites. The effect of a multi-contaminated solution was also
investigated under visible light irradiation on a mixture of MB and MO in the presence of the
Cs3Bi2I9:g-C3N4 composite (Figure 28b).
The total degradation of MB was achieved in 180 minutes, and a partial degradation of MO in
300 min, the different reaction rate were correlated with the types of available active sites and
binding affinity on the substrates’ surfaces towards the specific contaminant. More details can
be found in Papers II and V.
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Figure 28: (a) UV-vis spectra for the mixture of CV and MB, and reaction rate constants
measurements, for (CH3NH3)3BiI3; (b) UV-vis spectra decreasing along time irradiation for the
mixture of MO and MB, for Cs3Bi2I9:g-C3N4 (B).

3.3.4.

The recycling effect

The stability of the photocatalyst and its reuse are fundamental properties in photocatalysis.
Recyclability represents a sustainable aspect and, along with its stability, can be evaluated as a
function of the decrease in efficiency over several photocatalytic cycles. After the first
treatment in a typical experiment, the photocatalyst is recovered, washed several times to
remove eventual residues, and reused for many cycles.
Figure 29a, b, c, d, and f show the resulting recycle of respectively CH3NH3PbI3,
(CH3NH3)3Bi2I9, Cs3Bi2I9 and the as-prepared composites Cs3Bi2I9:TiO2, and Cs3Bi2I9:g-C3N4.
The negligible efficiency was recorded in the recycling tests. For further details, see Papers I–
V.
The XRD patterns before and after reactions were recorded for Cs3Bi2I9:TiO2 to further
demonstrate its stability. Figure 29e shows the XRD patterns for the as-prepared composite
before and after treatment. The XRD pattern of pristine UV100 was also recorded as a
reference. Negligible changes were recorded, indicating the photocatalyst's stability in structure
not influenced by the photocatalytic processes. The Cs3Bi2I9:g-C3N4 sample was further
analyzed, and FTIR spectra before and after the treatment are shown in Figure 29g. Negligible
changes were observed in the existing stretching and bending frequencies. Further details are
reported in Papers IV and V.
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Figure 29: (a) Recycle test for CH3NH3PbI3, (b)(CH3NH3)3BiI3, (c) Cs3Bi2I9, (d) Cs3Bi2I9:TiO2, and
(e) Cs3Bi2I9:g-C3N4; (f) XRD patterns before and after treatment; (g) FT-IR spectra before and after
treatment.
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3.3.5.

The effect of the light source

The recent advancement of industries and technology has led to substantial environmental
pollution and increased energy demand [260]. The supply of sustainable and clean sources of
energy sources has become a key factor in parallel to environmental protection to preserve life
on our planet. From this perspective, technologies based on solar energy, due to its availability,
accessibility, and cleanliness, could represent a sustainable way to address both energy and
environmental issues. In particular, the visible light portion of the solar spectrum is due to the
reason presented in previous paragraphs. Among the typical instruments to simulate the visible
range of solar light, halogen and LED sources were considered in this research work. Halogen
lamps are incandescent lamps consisting of a tungsten filament contained in a compact
transparent tube filled with a mixture of inert gas and halogen element content, for example,
iodine or bromine. The chemical reaction between the halogen element and the inert gas leads
to the production of light. These lamps' main properties include the operation at high
temperature, respect for the standard incandescent lamps, maintaining similar power, and
operating life.
Moreover, halogen lamps produce higher luminous efficacy at different color temperatures.
Halogen lamps permit their employment in compact optical systems due to their smaller size.
On the other hand, LED lamps have shown higher light efficiency concerning standard and
halogen incandescent bulbs. In recent years, LEDs have become cheaper and more available.
The advantages of LEDs include their heat emissions. The halogen bulbs lost almost all the
energy as heat, making them harder to replace and hazardous to nearby combustible materials.
LEDs dissipate only 10% or 20% of their energy as heat, making them cooler and safer
concerning halogen sources. Nowadays, some conventions enforce regulations on halogen light
sources due to safety issues and power consumption. The lifespan of LED lights lasts around
40 times longer than halogen bulbs, making them more sustainable. In general, LEDs cost more
per unit, but considering the overall lifespan, they remain more advantageous to respect
halogen lamps. It is fundamental to consider ideal action spectra irradiation in photocatalytic
systems to select the excitation source. Comparing the absorbance spectrum of the prepared
photocatalyst and the light emission spectrum from the selected lamps is a useful tool to achieve
real efficiency in the photocatalytic process. An overlap of catalyst absorbance ability and
emission of light sources represent one contribution to the photoreaction activity. In this
research work, visible light irradiation was provided with different types of lamps:
- A 150 W halogen lamp (Visilight CL150, Lutterworth, UK) with an emission in the visible
range (380–400 nm) (Figure 30a).
- A 36 W LED-visible light lamp (VisiLight LED3, Lutterworth, UK), with a luminous
intensity of 730 lm, with an emission presented in Figure 30c.
- Two single-wavelength emission LEDs: LED 455 nm and LED 365 nm (Thorlabs, Newton,
New Jersey, U.S.) with emissions presented in Figure 30d,e
Visilight CL150 and VisiLight LED3 were both provided by VWR. Table 10 shows a
comparison between the main characteristics of the two kinds of lamps. LED and halogen light
cover visible light in the spectrum of 380 nm–780 nm with different intensities. The halogen
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lamp shows a homogeneous emission intensity between 550 and 650 nm, and the LED lamp
shows two relatively isolated peaks at 450 nm and 550 nm (Figure 30a and Figure 30c).
Halogen and LED light sources were compared on the photocatalytic behavior of the lead-free
HOIPs. LED irradiation provided a first-order kinetic rate of 0.0072 min−1 (Figure 30f), lower
of about 35% concerning the halogen lamp. The halogen lamp showed higher photocatalytic
efficiency due to the better fitting between its emission and the adsorption ability of the selected
photocatalyst (Figure 30b). For more details, see Papers II and IV.
Table 10: Comparison of the properties of halogen and LED light-sources.
Lamp

Power consumption
(W)

Luminous efficacy
(lumens/watt)

Colour temperature
(K)

Average Lifespan
(hours)

Visilight
CL150

150

16-24

3270

1.000

Visilight
LED 3

36

80-100

5700

55.000
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Figure 30: (a,b) Emission spectra for halogen and (c) LED light-sources; (d) emission spectra for
single-wavelength LEDs 365 nm and (e) 455 nm; (f) photocatalytic efficiency for lead-free HOIPs
under LED illumination.

3.3.6.

Mechanism of photocatalysis

Several different techniques can obtain insight into the nature of the photocatalytic process.
One example is the electron spin resonance (ESR) approach. Even at its early stage, this
approach has been widely and successfully used to characterize the electronic structure and
reveal the photocatalyst's active sites [264]. Generally, in photocatalytic applications, when a
semiconductor is excited by irradiation with an equivalent or greater light-energy concerning
its band gap, the electrons (e−) in the valence band (VB) are excited into the conduction band
(CB), and the holes (h+) remain in the valence band (VB). These species, known as charge
carriers, trigger the redox reaction. The charge carriers and reactive oxygen species (ROS),
including O2∙−, and ∙OH, are widely considered the main active species responsible for the
degradation of organic contaminants. In this research work, ESR, with proper spin traps, was
used to determine the presence of reactive oxygen species (ROS) as main actors in the
photocatalytic degradation of organic compounds. TEMP (2,2,6,6-tetramethylpiperidine) was
used as a spin trap for singlet oxygen and DMSO (dimethyl sulfoxide) for superoxide and
hydroxyl radicals [264,265]. Under visible light photoexcitation of the mixture of the leadbased HOIPs and TEMP solution, three lines with equal intensities were observed in the ESR
spectrum (Figure 31A, red line), indicating the generation of TEMPO radicals due to the

78
presence of singlet oxygen species (1O2). The intensity of the peaks decreased when the time
of irradiation was increased, suggesting that the radical generation occurred only in the very
first intervals of the photocatalytic process [266,267] (Figure 31a, black line). DMPO solution
was selected as a spin trap of superoxide and hydroxide radicals (Figure 31b, red line). The
four typical peaks appeared in the spectrum, revealing the presence of the target radicals.
Like the previous experiment, the signal recorded after 30 min showed a decrease in peaks'
intensity, implying that radicals' generation stopped after a certain period (Figure 31b, black
line). Finally, a solution of equal content of RhB and DMPO was prepared, irradiated, and
analyzed by the ESR technique. After 5 minutes of irradiation, the ESR spectrum recorded
radicals' presence (Figure 31c, red line). The generation of radicals was not recorded in the
analysis of the mixed solution of RhB and DMPO without the photocatalyst. More details can
be found in Paper I.
A direct and straightforward alternative to evaluate ROS's presence and relevance is the
reaction with organic and inorganic scavengers, chemicals able to interfere with reactive
species' formation. Scavengers can react quickly and on target radicals, generating stable
products that do not interfere with the reaction's proceeding, eventually eliminating the reactive
species' effect on the degradation. Different molecules have been used as radical scavengers in
heterogeneous photocatalysis, targeting species such as the VB hole, the electron, and the other
ROS [268].
In this thesis work, to investigate the RhB mechanism of photodegradation, different
scavengers were employed to determine the reactive species involved in the process.
Ammonium oxalate (AO) reacts with holes (h+), isopropanol (IPA) with hydroxyl radicals
(•OH), p-benzoquinone (BQ) with superoxide radicals (•O2−) [269]. Figure 31d shows the
scavenger reaction results in the visible light photodegradation of RhB using Cs3Bi2I9:g-C3N4
composite. Briefly, AO or IPA did not influence the photocatalytic efficiency, meaning that
both the holes and the hydroxyl radicals were negligible reactive species. On the contrary, BQ's
addition led to a decrease in photodegradation efficiency, leading to the conclusion that •O2−
was the major reactive species involved in the system's photocatalytic degradation irradiated
by visible light. The reactive oxygen radicals' intrinsic and nonselective character follows their
consideration as the main actors of the RhB chromophore structure's cleavage.
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Figure 31: (a) Spin traps-based ESR analyses TEMP, (b) DMPO; (c) ESR analysis with and without
photocatalyst; (d) scavengers experiments.

The main processes responsible for initiating the photodegradation of dyes are direct
semiconductor excitation and indirect dye sensitization [270]. According to the self-sensitized
mechanisms, illumination can induce an electron transfer process from the dye molecules to
the photocatalyst (Figure 32C). On the other hand, as previously mentioned, the electrons in
the VB of the photocatalyst can be excited and photogenerated charge carriers. In both cases,
reactive free radical species will initiate photocatalytic reactions. Both HOIPs and all-inorganic
MHPs have demonstrated photocatalytic abilities, primarily due to their suitable absorption
coefficient, favorable band gap, high charge carrier mobility, reduced surface recombination,
and long electron-hole diffusion length. In this research work, the optoelectric analyses
explained the potential photodegradation mechanism in recent literature [271]. Figure 32A-B
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show the energy diagrams for the as-prepared HOIP-based photocatalysts, respectively
CH3NH3PbI3 and (CH3NH3)3BiI3.
Heterojunction formation has been considered a critical factor in the enhancement of
photocatalytic activity [93,272]. The photogenerated charge carriers' transfer direction depends
on the energetic levels' position in a composite material. Figure 22a and Figure 22b show the
energy levels' mechanism and positions, respectively, for Cs3Bi2I9:TiO2 and Cs3Bi2I9:g-C3N4
composites. In general, when two semiconductors are combined, spatial charge transfer and
separation occur, leading to a lower recombination rate and higher photocatalytic activity. For
more insights, see Paper IV and Paper V.
In the specific case of the photodegradation of RhB, two degradation pathways were considered
(Figure 32D). A first possible degradation occurs by the de-ethylation of RhB•+ by the N-ethyl
group's attack, leading to de-ethylated intermediates (N,N,N′-tri-ethylated rhodamine, N,N′-diethylated rhodamine, N-ethylated rhodamine, and rhodamine). A second pathway involves the
degradation of RhB chromophore by the attack of •OH radicals on the chromophoric structure,
leading to the formation of organic acids and alcohol-intermediates and finally to CO2 and H2O
[273,274]. The photocatalytic degradation of RhB under visible light is further represented in
Figure 32E. More information is reported in Papers I–V.
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Figure 32: (a) Energy level position for CH3NH3PbI3, (b) (CH3NH3)3BiI3; (c) representation of the
self-sensitized mechanisms; (d) example of photodegradation of RhB; (e) photograph representing the
removal of RhB as a function of time intervals.

3.3.7.

Potential application of MHPs in photocatalytic hydrogen

Awareness of the current energy crisis has led to considering the hydrogen-based energy source
as a clean and sustainable form of energy. Increasing the employment of hydrogen fuels s
recently arises for the high yield of energy production concerning the more common
combustion process, typically based on fossil fuels, well known for their dangerous pollution
emissions [261]. The photocatalytic hydrogen generation is a sustainable method through nonPEC water splitting that employs the photocatalyst's excitons with light energy to dissociate
water [262]. This approach is environmentally friendly because it does not produce any harmful
by-products. Nowadays, available processes for hydrogen generation involve the emission of
CO2 production. Therefore, alternatives, excluding the production of greenhouse gases, are
desirable [263]. Photocatalytic applications are one of the promising approaches to resolving
the current energy and environmental crisis.
The photocatalytic efficiency of MHPs was further investigated for photochemical hydrogen
production under solar light irradiation. In a typical experiment, a platinum layer was deposited
on the surface Cs3Bi2I9:g-C3N4 composite using a photo-deposition method described in Paper
V. Methanol aqueous solution was used as a hole scavenger in a closed quartz reactor. The
suspension was degassed with argon to remove undesired air. After a dark period to reach the
solution-photocatalyst equilibrium, the sample was irradiated with a 450W Xe-lamp, equipped
with a water-filter and aWG320-filter to block UV-B and UV-C. The spectral irradiance
measured by a SprectraRad (BWTEK) is shown in Figure 33a. The hydrogen generation
analysis was measured periodically using a gas chromatograph equipped with a TCD detector
and a 5 Å molecular sieve packed column. Figure 33b shows the photogeneration of hydrogen.
The results demonstrated a continuous hydrogen production occurring along the irradiation
period. An enhancement in hydrogen production of about 46% was recorded employing the
composite photocatalyst compared to the pristine material, g-C3N4 (Figure 33c). An increasing
light absorption and separation charge abilities of the newly designed material were considered
responsible for the enhanced photocatalytic performance. Finally, Figure 33d demonstrated
that the hydrogen evolution was achieved under visible light irradiation LED 455 nm. Although
they must be considered only a preliminary study, the previously described results confirmed
the potential of the as-prepared material in multiple photocatalytic applications. In Paper V,
more details are repo
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Figure 33: (a) Solar simulator light emission spectrum; (b) Hydrogen evolution results of the
composite; (c) comparison between pristine material and composite sample in the photogeneration of
hydrogen; (d) MHP-based composite photogeneration of hydrogenunder visible-light irradiation.
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3.4

Conclusion

Heterogeneous photocatalysis has been demonstrated to be an effective method for light-tochemical energy conversion and green applications. Thus, it is a desirable approach to address
current global challenges, such as energy crises and environmental pollution. On the other
hand, the transition from widely explored lab-scale systems to real commercialization is still
limited, in particular, due to the lack of efficiently designed photocatalysts. Remarkable
advancements were achieved after 1972 when the first report on TiO2 used as a UV-light
photocatalyst for water-splitting appeared [21]. Nevertheless, most traditional photocatalysts
still show several limitations, such as wide band gap, rapid recombination of photogenerated
charge carriers, and low photo-redox ability. Thus, the development of new semiconductor
photocatalysts with suitable properties continues to motivate the scientific community. In
recent years, MHPs have attracted several research groups, mainly due to their remarkable
properties, such as low production costs, easy processability, and favorable optical and
electrochemical properties. More specifically, MHPs have emerged as promising
photocatalysts due to their superior optoelectrical properties.
In this thesis, three bare MHPs were synthesized and employed as photocatalysts. First, HOIPs
were considered due to the high efficiency reached in the photovoltaic field. The lead-based
perovskite (CH3NH3PbI3) proved to be an active, visible light photocatalyst, performing the
complete assisted removal of a hazardous xanthene dye, known as RhB, in 180 minutes (Paper
I). Despite the promising result, the relatively low stability of the mentioned material and the
non-environmentally friendly presence of lead prompted lead-free HOIPs to be considered
more sustainable candidates. As reported previously, Bi-based photocatalysts possess a unique
configuration with superior photocatalytic activity [247]. Bi-based HOIP ((CH3NH3)3Bi2I9)
was selected and employed in visible light photocatalytic applications. The impressive results
demonstrated for aqueous dye removal were comparable to the lead-based photocatalyst.
Complete dye degradation was reached in 180 minutes under visible light LED irradiation
without oxidant assistance (H2O2). The material was employed for the degradation of
methylene blue (MB) and reactive blue (RBL), showing its potential over the removal of dyes
with different chemical structures. Moreover, the photocatalytic treatment of mixed MB and
crystal violet (CV) was also investigated, simulating a real industrial effluent that usually
contains a mixture of contaminants. The previously mentioned studies highlighted the potential
of the as-prepared photocatalyst for wastewater treatment, for example, in the textile or printing
industries (Paper II).
A well-designed photocatalyst's key factors include evaluating its environmental stability and
its ability to withstand various external stresses, such as light-dark cycles, moisture, and air. In
HOIPs, the organic fraction was reported to destabilize the material's overall structure due to
its sensitivity to moisture, UV light, oxygen, and temperature. For this reason, all-inorganic
MHPs were considered for their outstanding environmental stability. Thus, all-inorganic Bibased MHP (Cs3Bi2I9) was proposed as a visible light photocatalyst. The photocatalytic
experiments exhibited the competitive photodegradation of RhB in 180 minutes under
monochromatic 455-visible light irradiation. The recycling tests and after-treatment structural
analyses highlighted the photocatalyst's expected stability to the treatment (Paper III).
Transient absorption spectroscopy measurements confirmed the photogeneration of charge
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carriers, highlighting the advantageous photoelectrochemical properties of the MHP
photocatalyst.
Recognized the potential of Cs3Bi2I9 as a visible light photocatalyst, its photocatalytic activity
was enhanced by designing two heterostructures, employing the synergetic actions of coupled
semiconductors. Two traditional semiconductors, TiO2 nanoparticles and g-C3N4 nanosheets
were selected as supports for the Cs3Bi2I9-based composites. Anchored-Cs3Bi2I9 on TiO2
(UV100) nanoparticles exhibited enhanced visible light absorption ability, charge carrier
transportation, and chemical stability. The photo-oxidation of MeOH was compared under UV
and visible light irradiation. As the main actors of the redox reactions, hydroxyl radicals were
demonstrated by terephthalic acid fluorescence analysis. The two semiconductors'
simultaneous contribution led to the increased photocatalytic activity under UV light irradiation
compared to the bare-TiO2 powder. On the other hand, under visible light irradiation, MHPs
were found to act as redox mediators. The as-prepared composite exhibited excellent stability
and visible light activity and a convenient simplicity in the preparation as a critical factor for
green photocatalysts (Paper IV).
Graphitic carbon nitride (g-C3N4) is considered an excellent candidate for photocatalytic
applications due to its tunable electronic structure and excellent physicochemical stability. In
this research work, its low charge transportation efficiency was overcome by anchoring
Cs3Bi2I9 on the graphitic nanosheets by nitrogen-iodine chemical bonds. The as-prepared
composite showed an outstanding yield for visible light photocatalytic degradation of different
contaminants, such as organic-dyes and methanol. RhB was found to be degraded after 150
minutes under monochromatic 455-LED irradiation. Further, the as-prepared photocatalyst was
tested for hydrogen photocatalytic evolution under simulated solar light and visible light
irradiation, showing positive preliminary results (Paper V).
Practically, the as-described experimental research aims to provide new insights into the use of
MHPs and MHP-based heterostructures as visible light photocatalysts for wastewater
treatments. Currently, the photocatalytic performance and environmental stability of MHPbased photocatalysts are far from optimal. MHP-based applications are still limited to fulfill
global energy and environmental challenges. Nevertheless, the current state-of-the-art MHPs
demonstrate their potential as new generation materials for different emerging light-driven
applications.
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Abstract: The development of visible-light active photocatalysts is a current challenge especially
energy and environmental-related fields. Herein, methylammonium lead iodide perovskite
(MAIPb) was chosen as the novel semiconductor material for its ability of absorbing visible-light.
An easily reproducible and efficient method was employed to synthesize the as-mentioned
material. The sample was characterized by various techniques and has been used as visible-light
photocatalyst for degradation of two model pollutants: rhodamine B (RhB) and methylene-blue
(MB). The photo-degradation of RhB was found to achieve about 65% after 180 min of treatment.
Moreover, the efficiency was enhanced to 100% by assisting the process with a small amount of H2 O2 .
The visible-light activity of the photocatalyst was attributed to its ability to absorb light as well as
to enhance separation of photogenerated carriers. The main outcome of the present work is the
investigation of a hybrid perovskite as photocatalyst for wastewater treatment.
Keywords: halide perovskite; photocatalysis; visible-light; Rhodamine B; oxidation

1. Introduction
Nowadays, environment pollution and energy related issues captured the attention of new century
researchers [1–5]. In particular, accelerated release of pollutants because of a combination of growing
population and a rapid industrial development have dramatically increased the water pollution in
many parts of the world. On the other hand, it is equally urgent to answer the increasing energy
demand and mitigate the negative effect of global warming by means of renewable energy sources.
Thus, efficient and eco-friendly methods for the degradation of organic pollutants based on renewable
energy source, such as solar light, have become an imperative task worldwide [6–11].
Heterogeneous photocatalysis consists in the dispersion of a solid material, usually a
semiconductor, that when irradiated at appropriated wavelengths is capable to generate highly
reactive oxygen species (ROS) which can degrade organic pollutants [12,13]. Photocatalysis main
advantages are: the room temperature operation, the utilization of clean and renewable solar light
as the driving force and any production of hazardous residues after mineralization to align with the
“zero” waste scheme for industries [14,15].
Recently, hybrid organic–inorganic halide perovskites (HOIPs) have gain a lot of attention,
especially in photovoltaics, because of their remarkable properties. It was 2009 when for the first time
Miyasaka and his colleagues employed hybrid perovskites in photovoltaic devices [16]. Then, the
studies of the HOIPs have stunned the research community with their remarkable performance and
rapid progress [17].
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since its radius appeared to be the more suitable resulting in low packing symmetry and high band
gap [36,37]. In comparison to other elements of group IV, Pb was selected because of its performance
and stability [18,38–40]. In particular, along group IV from Pb to Ge, it was previously reported a
decrease in stability of the divalent oxidation state and a consequent decrease in band gap value
combined with a reduced inert electron pair effects [41]. Among the halogens, iodide was selected for
its higher efficiency compared to other elements [16]. Moreover, in the periodic table iodide lies close
to Pb, thus, they result in more stable structure by sharing similar covalent character [18]. However,
we must notice that many factors remain not entirely understood. Moreover, some barriers are still to
overcome as stability and toxicity in large-scale implementation.
2.3. Photo-Catalyst Characterization
The X-ray powder diffraction (XRD) spectrum of the catalyst was recorded by PANalytical
instrument with the empyrean program (PANalytical, Cambridge, UK) with Co-Kα (λ = 1.7809 Å)
as the radiation source, 40 kV generator voltage and 40 mA tube current. The diffraction angle (2θ)
ranged from 20◦ and 80◦ with intervals of 0.05◦ . The sample functional groups were characterized by
Fourier transform infrared spectra (FT-IR) (Bruker, Solna, Sweden) in the region from 400 to 4000 cm−1
at room temperature using Horiba FT-730 FT-IR spectrometer. The microstructure and morphology
of the material were defined using scanning electron microscope (SEM) Hitachi SU3500 (Chiyoda,
Tokyo, Japan). Energy dispersive spectroscopy (EDS) (Thermo Scientific, Waltham, MA, USA) detected
the elemental composition of the pure hybrid organic-inorganic perovskite. The surface composition
and the electronic states of elements in the valence-band region were determined by ESCALAB 250
X-ray photoelectron spectroscopy (XPS) (ThermoFisher Scientific, Waltham, MA, USA) with Al-Kα
(1486.6 eV) as the X-ray source. Absorption spectra were measured with a PerkinElmer Lambda 1050
spectrophotometer (UV-vis) (PerkinElmer, Waltham, MA, USA) to establish the absorption spectrum
and band gap of the sample.
2.4. Procedure for Photo-Catalysis
The visible-light photocatalytic efficiency was evaluated based on the degradation of RhB. All
experiments were carried out in Pyrex vessels (100 mL) with 50 mL of RhB (20 mg·L−1 ). Specified
amount of reaction mixture was withdrawn at regular time intervals and analyzed with UV-vis
spectrophotometer at emission wavelength of 554 nm [42]. The efficiency of RhB removal was
determined as follow:
Removal efficiency % = C/C0
(1)
where C0 is the initial concentration of RhB and C is the measured concentration at the time of
withdrawal [43,44]. Electron spin resonance (ESR) technique with proper spin traps was used to
determine the presence of reactive oxygen species (ROS). TEMP (2,2,6,6-tetramethylpiperidine) was
used as spin trap for singlet oxygen and DMSO (dimethyl sulfoxide) for superoxide and hydroxyl
radicals [45,46]. The specifics of the visible-light device, used in the current research, are reported in
the Supporting Information (Table S1 and Figure S1).
3. Results and Discussion
3.1. Photo-Catalyst Characterization
The morphology of the material was investigated with SEM, the results, shown in Figure 2A,B,
suggest an aggregation of nanoparticles with hexagonal shape domains with nanometers size.
The specific morphology of the crystal lattice is mainly influenced by the synthesizing temperature
and may affect the optical, electrical, and transmission properties of the material, as confirmed in the
study of Li et al. [47].
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in MAIPb via transient photo-luminescence measurements [54,55]. A nearly instantaneous charge
generation and dissociations of balanced free charge carriers with high mobility has been observed,
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ln(C/C0 ) = −kt

(2)

and the correlation coefficient of the curve R2

The degradation rate constant k
were obtained using
regression analysis. The value of R2 were higher than 0.92, thus it was assumed that the regression line
fits well with the data (Table 1).
Table 1. Degradation rate constant k and the correlation coefficient.
Experiment

Rate (s−1 )

R2

Assisted photocatalysis H2 O2 10−5 mol·L−1
Assisted photocatalysis H2 O2 10−3 mol·L−1
Assisted photocatalysis H2 O2 10−3 mol·L−1

0.0045
0.0215
0.1087

0.94
0.92
0.92

The reaction rate increased with H2 O2 dosages. For the highest concentration of oxidant (10−3
mol·L−1 ), the kinetic rate was found to be almost 25 times higher than the lowest concentration and
5 times higher than the average concentration. For practical application and considering the cost of
hydrogen peroxide, 10−4 mol·L−1 was considered as the optimal value. The combination of halide
perovskite and H2 O2 under visible-light illumination was found to greatly enhance the degradation
rates of RhB. When H2 O2 concentration increases, more hydroxyl radicals are produced thus the
oxidation rate increases. ROS were considered as dominant mechanism in the photocatalytic process.
The first hypothesis is a direct photolysis of H2 O2 by visible light that may generate free radicals
at a wavelength of 405 nm [76]. A second minor mechanism proposed by Ollis et al. [77] and Ilisz
et al. [78] suggested that H2 O2 may partially contribute to the rate enhancement of photo-catalytic
process behaving as an electron acceptor. According to these theories, H2 O2 cannot only generate ·OH
but also as electron acceptor, reduce the electrons-holes recombination increasing the photocatalytic
efficiency. On the other hand Dionysiou et al. [79] in their studies on assisted-H2 O2 -photocatalysis
showed that high concentrations of hydrogen peroxide may decrease the degradation rates because of
the consumption of hydroxyl radicals.
3.4. Effect of Catalyst Loading
The effect of catalyst load on the ability to remove RhB in aqueous solution is shown in Figure 6A.
The results suggest that the removal performance increased with the catalyst load up to 0.5 g·L−1 and
decreased when the load is higher. This is in agreement with the case observed in heterogeneous
photo-catalysis reaction. This behavior can be rationalized both in terms of availability of active sites
on material surface and light penetration of photo-activating light into the system. The availability
of active sites increased with catalyst loading, but on contrary the light penetration and, hence, the
photo-activated volume of particles decreased [80]. Moreover, higher amount of catalyst may induce
the deactivation of particles by collision with ground state molecules reducing the rate of reaction [81].
The trade-off of these effects was studied by considering also the organic contaminant concentration.
3.5. Effect of Initial Concentration of RhB
The effect of RhB initial concentration is an important parameter to consider [82]. Figure 6B
depicts the effect of RhB initial concentration on its removal. The result reveals that the increase of the
RhB concentration decreases the removal, corresponding to those from literature [1].
At higher RhB concentration, the generation of radicals on the surface of catalyst may be reduced by
the competition of the active sites covered by RhB ions. Moreover, with the increase in the concentration
the photons may be intercepted before they can reach the catalyst surface, decreasing the absorption
of photons by the catalyst [83]. Higher concentration of RhB may also cause aggregation and even
surface dimerization and have consequentially an effect on the degradation rates [42].
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The pH of the dye solution was altered by adding incremental amounts of either dilute HCl or
The pH of the dye solution was altered by adding incremental amounts of either dilute HCl or
diluted NaOH in order to study the effect of pH on dye removal. Previously, it was confirmed that
diluted NaOH in order to study the effect of pH on dye removal. Previously, it was confirmed that
none of the salts used had any effect on the dye spectra in the absence of light. The solution was
none of the salts used had any effect on the dye spectra in the absence of light. The solution was
subjected to irradiation and change in absorbance value was noted.
subjected to irradiation and change in absorbance value was noted.
The removal rate was found to increase in acidic media as shown in Figure 6C. The photolytic dye
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3.7. Effect of Temperature on H2O2-Assisted Photo-Catalysis
3.7. Effect of Temperature on H2 O2 -Assisted Photo-Catalysis
According to Wang et al. [84], temperature is another parameter that affects the heterogenous
According to
Wang et al.
[84],study,
temperature
is another
parameter
that affects
the heterogenous
photo-catalysis.
Therefore,
in this
25 °C, 35
°C, 45 °C
were selected
to examine
the effect of
◦ C, 45 ◦ C were selected to examine the effect of
photo-catalysis.
Therefore, in this
study,
25 ◦ light
C, 35irradiation.
temperature on photo-catalysis
under
visible
As the temperature increased from 25
temperature
photo-catalysis
under k1
visible
light irradiation.
the temperature
increased
25 to
to 45 °C, the on
first-order
rate constant
increased
almost 40%As
(Table
2). This behavior
was from
associated
◦ C, the first-order rate constant k1 increased almost 40% (Table 2). This behavior was associated to a
45
to a decrease in the viscosity and to an enhanced diffusion of the sorbate molecule [85].
decrease in the viscosity and to an enhanced diffusion of the sorbate molecule [85].
Table 2. Impact of temperature on the RhB removal kinetic rate under the CH3NH3PbI3/visible irradiation
Table
2. experimental
Impact of temperature
on the
rate
under the CH
−1), H2O2kinetic
3 PbI
3 /visible
(10−4 M),
photo-catalyst
(0.53 NH
g∙L−1
), pH
5.
system,
conditions RhB:
(20RhB
mg∙Lremoval
irradiation system, experimental conditions RhB: (20 mg·L−1 ), H2 O2 (10−4 M), photo-catalyst (0.5 g·L−1 ),
Temperature (°C) Kinetic rate (min−1)
R2
pH 5.

25
35
25
45

0.0328
0.0499
0.0328
0.0840

Temperature (◦ C)

Kinetic rate (min−1 )

35
45

0.0499
0.0840

0.9632
R2
0.9143
0.9632
0.8526
0.9143
0.8526

The Arrhenius equation was used to determine the activation energy as follows:
= A*exp(−Ea/RT)
(3)
The Arrhenius equation was used to K
determine
the activation energy as follows:
where K is the constant rate that controls the entire process, A is the Arrhenius constant, T the solution
K =energy
A*exp(−Ea/RT)
temperature in K, Ea apparent activation
(kJ∙mol−1), and R the ideal gas constant 0.0083(3)
kJ
−1
−1
mol ∙K . The data are fitted using a linear regression (R2 0.9935). From the Arrhenius-type plot
(Figure 7). Ea value was calculated as 36.96 kJ∙mol−1. Mcheik and El Jamal found similar result in their
study on removal of RhB with persulfate and iron activation [86]. The reaction appeared to be
activated also at room temperature and proceeded with relatively low energy barrier.
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of the VB must be located more positively than the oxidation potential of H2O to O2 (1.23 V vs. NHE)
both oxidation and reduction sites are created [87]. The electron/hole pairs and reactive oxygen
both oxidation and reduction sites are created [87]. The electron/hole pairs and reactive oxygen
species (ROS), including O2∙−−, and ∙OH, are widely considered the main active species responsible for
species (ROS), including O2∙ , and ∙OH, are widely considered the main active species responsible for
photocatalytic degradation of organic contaminants [88,89].
photocatalytic degradation of organic contaminants [88,89].
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Finally, to evaluate also the effect of RhB in the production of radicals, a solution of equal content
(100 μL) of RhB (20 mg∙L−1) and DMPO (100 mM) was prepared and irradiated in the presence of
photo-catalyst. After an irradiation time of 5 min, the ESR spectrum was recorded revealing the
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The CB transported electrons in both the materials may react with the dissolved oxygen in the
water
water to produce a reactive oxygen species, main responsible for the oxidative dye degradation under
visible light irradiation. As confirmed by an interesting study on nanosized Bi2WO6 performed under
visible light by Fu et al. [98], the presence of oxygen is responsible for the activation of photo-catalysis
process. In their experiments, they confirmed the importance of the presence of dissolved oxygen in
the treated solution, since its effect is primarily to act as an efficient e− trap, leading to the generation
of reactive oxygen species and preventing the recombination of charges. Furthermore, Dutta et al.
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In this work, the photocatalytic activity of a new visible light-responsive (CH3NH3)3Bi2I9 hybrid organic-inorganic perovskite (HOIP) was addressed for the very ﬁrst time in the treatment of aqueous solutions of model
organic dyes. The photocatalyst was successfully prepared by a low temperature solvo-termal method, easily
reproducible. The catalyst was characterized by Fourier-transform infrared spectroscopy (FT-IR), X-ray diffraction spectrometer (XRD), scanning electron microscopy (SEM), energy dispersive X-ray (EDS), X-ray photoelectron spectroscopy (XPS) techniques and UV diﬀuse reﬂectance spectrum. The eﬃciency of photocatalyst
was tested for the removal of diﬀerent type of dyes: ﬂuorone dye (rhodamine B), thiazine dye (methylene blue)
and azo dye (reactive Blue 4). Moreover, a multi-contaminated solution, with methylene blue and crystal violet
(triarylmethane dye), was used to simulate a real industrial wastewater eﬄuent. The results highlighted an
increase of the photocatalytic activity respect the pristine precursor, bismuth iodide. The experiments showed
that the values of removal was higher for rhodamine B respect the other dyes, with a removal of 98% after three
hours under visible light irradiation. The eﬃciency of the photocatalyst was also conﬁrmed under optimal
conditions with high pressure liquid chromatography (HPLC). The gradual disappearance of rhodamine B peak
accompanied by the appearance of by-products peaks was investigated. The stability of the photocatalyst was
tested for three consecutive re-cycles. Analysis on diﬀerent visible light sources was performed: halogen provided higher eﬃciency respect LED lamp. The outcomes of the present work aim to open the possibility of
considering HOIP as a new potential photocatalyst for contaminants treatment.

1. Introduction
Water pollution is deﬁnitively a current and global issue, it has a
huge and negative impact on ecosystems, environment and humans.
Water contaminants are mostly driven by industrial wastes related to
various industries such as petroleum reﬁnery, textile, paper, pharmaceutical, paint, plastic, etc. [1]. Dyes from dyeing, textile, tanning and
paint factories are one of the mains sources of water pollution, and a
considerable amount of researches has been conducted on this topic.
More than 10.000 diﬀerent dyes with an estimated global annual production of 800.000 tons are commercially available worldwide [1,2].
About 12% of the textile dyes used each year are lost during operations
machining, 20% of these lost residues it is estimated to be found in
industrial wastewater and then in the environment [3]. The majority of
the dyes have good solubility in water, thus these are common water
pollutants very harmful also for aquatic animals and plants. Moreover,
⁎

most of these dyes are recalcitrant and resist to conventional chemical
and biological treatments. There are no doubts about the serious threat
that these contaminants can cause to the environment and human
health: respiratory problem, asthma, dermatitis, mutagenicity, cancer,
etc. [4,5]. Based on data obtained for 250 diﬀerent dyes, Rochkind
et al. [6] divided the most studied dyes in diﬀerent groups. The selection is dominated by the thiazine dyes (as methylene blue), it is followed by the xanthenes (as rhodamine B) and, despite their dominance
in global production (50%–70% of the market), the azo dyes (such as
reactive blue 4) appeared as fourth group, hence their dominance in
contributing to the environmental challenge.
Various types of conventional methods were used for dyes degradation. Among the traditional methods, many limitations was found:
operating cost, non-biodegradable products, time-consuming processes,
stability of the dyes on the treatments. On the other hand, advanced
oxidation processes (AOPs) is recommended as eﬃcient
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decontamination technique. Among AOPs methods, photocatalytic degradation using semiconductors has been gaining increasing attention
in the last decade as a sustainable and environment friendly alternative
[7]. Heterogeneous photocatalysis combines the utilization of a solid
dispersed catalyst (e.g. a semiconductor) irradiated by an appropriate
light source for the generation of highly reactive oxygen species (ROS).
Some ROS produced in water treatmnts are: superoxide anion radical
(•O2−), hydrogen peroxide (H2O2), singlet oxygen (1O2), and hydroxyl
radical (•OH) [8]. Many studies have demonstrated that these species
are the main responsible of degradation of organics [9,10]. There are
several advantages that make this green technology very interesting:
ambient operating conditions, low working costs, complete mineralization of organic contaminants without any secondary pollution
[11]. However, some disadvantages faced during heterogeneous photocatalytic processes are: fast recombination rate of the charge carriers
(photo-generated hole–electron), low light absorption range, and poisoning of the active sites on the surface of photocatalyst [7].
The majority of the literature studies are focused on the use of TiO2
as photocatalyst because it is cheap, chemically stable and harmful.
Nevertheless, this photocatalyst owns some limitations such as low
adsorption capacity for hydrophobic contaminants resulting in slow
photocatalytic degradation rates, low quantum yield of excitons due to
the fast electrons-holes recombination [12]. Moreover, TiO2 band gap
(above 3.0 eV for rutile and 3.2 eV for anatase) restrains applications to
the UVeA region of the electromagnetic spectrum (λ ≤ 387.5 nm)
[13,14]. This article explores the potential of a new eﬀective photocatalyst as alternative to TiO2.
Recently, hybrid organic–inorganic perovskites (HOIPs) have generated considerable interest for optoelectronic applications [15]. The
general formula of this class of compouds is ABX3, where A is an organic cation, B an inorganic metal, and X is a halogen element. Compositional, structural, optical, and charges transportation properties are
commonly observed in these materials and the interplay of their characteristics makes them great promising candidates for photocatalytic
applications [16]. Thus, the properties that may make HOIPs a very
good photocatalyst are: a high electron and hole mobility, a large absorption coeﬃcients, a favourable band gap, a strong defect tolerance,
shallow point defects, a benign grain boundary recombination eﬀects, a
reduced surface recombination and long electron–hole diﬀusion length
[17,18]. Moreover, they can be produced by low cost solution processes
[19]. Among the diﬀerent composition methylammonium lead halide
perovskites (CH3NH3PbI3) show the better properties in solar cell applications [20]. Unfortunately, this compound contains Pb2+, which is
a toxic bioavailable cation [15]. According to previous studies, bismuth
based perovskites promise good moisture and water stability [21,22]. In
this study, in an attempt to replace lead by a non-toxic heavy p-block
metal, organic–inorganic methylammonium iodobismuthate perovskite
(CH3NH3)3Bi2I9 (MBI) was prepared via solvo-thermal treatment at low
temperature.
In the present study, it was attempted to determine the feasibility of
the degradation of some dyes having diﬀerent chemical structures by
MBI, as a new eﬀective photocatalyst activated by visible light irradiation. The photocatalytic ability was investigated on rhodamine B
(RhB, ﬂuorone dye), methylene blue (MB, thiazine dye), reactive Blue
(RBL, doubble Azo dye). The most of the photocatalytic studies are
based on single dye solution [23], but industrial eﬄuents contain a
mixture of dyes. In our study, the photocatalytic treatment of mixed MB
and crystal violet (CV, triarylmethane dye) was set to simulated real
textile industrial wastewater. These two dyes are extensively used in
industries and medicines, both are mutagen, mitotic poisons and suspected carcinogen [24].
At our knowledge, this is the ﬁrst paper about investigation on the
use of bismuth based hybrid organic inorganic perovskite in a photocatalytic system for the removal of diﬀerent classes of dyes under
visible light irradiation.

Table 1
Characteristics of the investigated dyes.
λ max (nm)

MW (g/mol)

Rhodamine B

554

479.01

Methylene Blue

664

319.85

Crystal Violet

583

407.98

Reactive Blue 4

598

637.44

Name

Structure

2. Experimental
2.1. Materials
Methylamine (CH3NH2, 33 wt% in ethanol), hydroiodic acid distilled (HI 57 wt% in water), diethyl ether (DE purity ≥99.8%), bismuth
(III) iodide (BiI3 purity 99%), N,N-dimethylformamide (DMF purity
99.8%), Rhodamine B (RhB, C28H31ClN2O3), methylene blue (MB,
C16H18ClN3S), crystal violet (CV, C25H30N3Cl) were purchased from
Sigma Aldrich. Reactive Blue 4 (RBL, C23H14Cl2N3O8S2) was obtained
by Alfa Aesar. The dyes used are listed in Table 1. All chemicals were
used without any further puriﬁcation. Deionized water was used
throughout this study.
The VisiLight halogen cold light source CL150 (VWR) was used as
light source in the current treatments. The source was equipped by
150 W halogen bulb with 3270 K color temperature. The passively
cooled VisiLight LED3 was used as second light source for comparison.
The lamp assure environmentally friendly LED technology with ﬂickerfree illumination, 36 W power consumption, 730 lm luminous intensity.
2.2. Catalyst preparation and characterization
Hybrid organic-inorganic perovskite was prepared using a easily
reproducible method suggested by Navas et al. [25]. Initially, the organic precursors (CH3NH2) and HI were stirred in ice bath under controlled temperature of 0 °C for two hours. The resulted solution was
evaporated at 50 °C until a white ﬁne powder was obtained. The as
synthesized powder was washed three times with DE and then dried at
50 °C on a hot plate until complete evaporation of the liquid. CH3NH3I
and BiI3 were mixed in DMF in a molar ration 2:3. The resultant solution was stirred at 400 rpm and heated at 60 °C until complete evaporation of the liquid.
The functional groups present on the photocatalyst surface were
characterized by Fourier transform infrared spectra (FT-IR) in a region
between 400 and 4000 cm−1 at room temperature using Horiba FT-730
FT- IR spectrometer. The X-ray powder diﬀraction (XRD) spectrum of
the photocatalyst was recorded by PANalytical Empyrean diffractometer with Co-Kα (λ =1.7809 Å) radiation source, 40 kV generator voltage and 40 mA tube current. The surface composition and the
electronic states of elements in the valence-band region were determined by ESCALAB 250 X-ray photoelectron spectroscopy (XPS)
with Al-Kα (1486.6 eV) as the X-ray source. Light absorption spectra
were measured with a PerkinElmer Lambda 1050 spectrophotometer
(UV–vis) to establish the absorption spectrum and band gap of the
sample. The microstructure and morphology of the material were
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1420 cm−1 is related to NH+ [30]. The weak and broad peak at around
3500 cm−1 is related to OeH stretching vibrations probable as consequence of the measurements performed under ambient conditions
[32]. As shown in Fig. 1, transmittance of MBI increased corresponding
to the NeH bonds wavelength ranges. This suggests the presence of
hydrogen bonds. The bismuth-based hybrid organic inorganic perovskite structure consists of isolated metal halide dimer units of Bi2I93anions surrounded by CH3NH3+ cations. The clusters are interconnected via NeH···I hydrogen bonding interactions [33–36].
Fig. 2 shows that the color of the as-prepared powder was signiﬁcantly aﬀected by the addition of MAI. During the synthesis, the
color changed from black (BiI3) to red, implying that certain reaction
occurred after addition of the organic fraction. Four main peaks of BiI3
from 10 to 60° were observed. For what concerns MBI, all diﬀraction
peaks were consistent with literature reports suggesting that MBI belongs to the hexagonal system with the P63/mmc space group [37–39].
The results agreed well with the hexagonal morphology of MBI single
crystals as shown Fig. 3 (SEM). In addition, the diﬀraction peaks of BiI3
were not detectable in the MBI patten, this fact indicates that almost all
BiI3 has been transformed completely into MBI. Finally, MAI phase was
not observed in the ﬁnal product, suggesting that a chemical reaction
occurred between MAI and BiI3 as follows [37]:

deﬁned using Scanning electron microscope (SEM). Energy Dispersive
Spectroscopy (EDS) detected the elemental composition of the pure
hybrid organic-inorganic. Brunauer–Emmett–Teller (BET) theory and
analysis determined the speciﬁc surface area of the synthesized material.
2.3. Procedure for photocatalysis
The photocatalytic performances of the prepared material was
evaluated by the degradation of four diﬀerent type of organic dyes in
aqueous suspension under visible light irradiation, with continuous
supply of air. In a typical experiment, desired amount of catalyst was
suspended in 100 mL of solution and allowed to stir for 30 min in dark
to achieve the adsorption-desorption equilibrium. The lamp was located
at the top of the reactor (three cm from solution surface). All photocatalytic reactions were performed at room temperature (25 °C). At
given time intervals, samples of three mL were withdrawn from the
reactor and ﬁltered immediately through a 0.2 μm ﬁlter (phenomenex)
for spectrophotometric analysis (PerklinElmer Lambda 45 UV/vis
Spectrometer). The decrease of concentration of pollutants was monitored, after calibration, by measuring the decrease in peak intensity at
characteristic wavelength: λmax = 554 nm (RhB), λmax = 664 nm (MB),
λmax = 583 nm (CV), and λmax = 598 nm (RBL). The degradation eﬃciencies of the photocatalyst were compared assuming a pseudo-ﬁrst
order kinetic reaction. The following equation was applied:

C ⎞
= k *t
− ln ⎛
⎝ C0 ⎠

2 BiI3 + 3 CH 3NH 3I → (CH 3NH 3)3BiI 9

(2)

According to literature, BiI3 consists of small grains with relatively
low crystallization [39]. The morphology of the complete MBI powder
is presented by the SEM macroscopic image in Fig. 3. The powder exhibit smooth, compact, and polygonal crystal morphology. Average
grain sizes reach up to 50–200 nm. As already discussed in XRD results
showed above (Fig. 2), the introduction of MAI signiﬁcantly improved
the powder crystallization thus the quality of the synthesized material.
Energy dispersive X-ray spectrometry was used to determine the stoichiometric ratio by detecting the ratios in between C, N, Bi, and I atoms.
The weight ratios of the atoms was found to be consistent to the stoichiometry of MBI. The slightly higher value of C and the presence of Al
can be attributed to the background holder.

(1)

Where C0 is the contaminant concentration at the initial time, C the
contaminant concentration at time t, and k is the pseudo ﬁrst-order
reaction rate constant.
Moreover, in the case of RhB, by-products were analysed by a
Shimadzu High Performance Liquid Chromatograpy equipped with UV
detection (HPLC-UV). Samples were separated using a reversed-phase
C18 column (150-4.6 mm) at 550 nm. The column temperature was
maintained at 35 °C. The optimized mobile phase consisted of methanol
and water with the volume ratio at 70:30, the ﬂow rate was set at
0.5 mL/min and 20 μL of sample were injected. Results and Discussion
are presented in APPENDIX A.
The reusability tests were performed to check the stability of the
material. After each run, the catalyst was ﬁltrated, washed with deionized water, and then dried for reuse under similar experimental conditions.
Experiments involving radicals capture were conducted. Before the
standard photocatalytic tests, 10 mM of AgNO3, 10 mM of KI, 0.1 mL
isopropanol (IPA), and 0.01 mmol benzoquinone (BPQ) into RhB
(20 mg/L, 100 mL) were added as scavengers for e−, h+, •OH and O2•−
respectively [26–28].

3.1.2. Optical parameters
The surface chemical species and their oxidation states were examined by (XPS) and the results are presented in Fig. 4a. The binding
energy peaks conﬁrm the presence of dominant elements: C, N, Bi and I.
The peaks at binding energies of 285 eV, 402 eV and 533 eV corresponding to the photoelectron peaks of C 1s, N 1s and O 1s, respectively. Scans of the C 1s core level binding energy revealed the presence
of two peaks, corresponding to CeC (lower energy eV) and C–N (higher
energy eV) (Fig. 4b). XPS core level spectra for N 1s are presented in
Fig. 4d. From the N 1s core level spectra one mainly peak present
around 402.5 eV corresponding to the existence of NeC bond and free
amine group NH2 singly bonded to carbon [40]. The doublet peaks of I
and Bi are located around 621 eV and 164 eV, respectively. Interestingly, the small peak at lower binding energy of about 283.8 eV
(Fig. 4a, zoomed window) is referred to carburet, conﬁrming the formation of Bi-C bonds [41]. Bi 4f scans indicated that Bi species exist
both in the 3+ oxidation state and a small amount as Bi0 (Fig. 4c). The
presence of metallic Bismuth is suggested to be induced in part during
measurement of the XPS spectra [42]. Conforming to the study of Navas
et al. [25], the peaks 630.2 eV belong to I 3d3/2 and the ones at
619.6 eV belongs to I 3d5/2 (Fig. 4e).The spectrum shows other peaks,
the shift to higher binding energy is associated with the loss of an iodide
ion through methylamonium iodide evaporation leaving the I2− anion
from BiI3. Additional broadening of the I 3d spectra indicate the presence an additional peak at 621 Ev, this peak is credited to the oxidation of iodine at the surface which forms the I2+ cation and the iodite
(IO2−) anion [43].
MBI was found to have excellent absorbing properties. Absorption
spectra measured between 380 and 800 nm. As conﬁrmed by other

3. Results and discussion
3.1. Catalyst characterization
3.1.1. Structural parameters
Synthesis of the bismuth-based organo-halide perovskite can be
accomplished using a variety of approaches; in our study, in accordance
to our purpose, a low temperature solvo-thermal method was applied
[25]. The FT-IR spectroscopy results of the precursors (BiI3 and MAI)
and the ﬁnal MBI are shown in Fig. 1. The spectrum shows broad NeH
(from 2800 to 3200 cm−1) vibrations with the characteristic feature of
a hydrogen bond that overlaps with the CeH vibrations [29]. The bands
at 1410 and 1450 cm−1 suggest the existence of CeC bending modes
and carbonate, respectively [30]. The characteristic peaks occur for
NeH stretching vibration at 3097 cm−1, CeH stretching vibration at
2935 cm−1, NeH bending at 1577 cm−1, and peaks at 1461 and
1421 cm−1 belong to CeH bending vibration [31]. The weak band at
118
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Fig. 1. FTIR spectrum for precursor (BiI3 and MAI) and (MBI).

Fig. 2. XRD patterns of the as-prepared hybrid perovskites MBI and precursor, photographs the powders.

Fig. 3. SEM image and EDX analysis of the as-prepared hybrid perovskites MBI.
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Fig. 4. MBI XPS spectra (MBI): (a) general spectrum, (b–e) speciﬁc binding energy for C1 s, B4f, N1 s and I3d respectively.

Adsorption is a primordial step in the photocatalytic processes
[48,49]. Adsorption experiment in dark condition was conducted. The
results showed moderate aﬃnity between MBI and RhB molecules with
a maximum removal of 35% considering 3 h reaction (Fig. 6b). The
photocatalytic ability of MBI to remove RhB was evaluated under
visible light irradiation. Extinction spectrum using Halogen lamp is
shown in Fig. 6c. The results show a remarkable decrease in RhB concentration in presence of MBI and irradiation. The kinetic behavior of
the present system was evaluated with a pseudo-ﬁrst order kinetic
model. The ﬁrst-order kinetic rate was found to be 0.0221 min−1 with
R2 equal to 0.96. After three hours the extinction peak of RhB was almost disappeared implying the eﬃcacy of the photocatalytic treatment.

studies, the absorption onsets varied with MBI precursor ratio, demonstrating a phenomenon called multi-absorptions due to multi-absorption eﬀects [39]. The results reveal an optical bandgap of the material at about 1.94 eV as it was derived from a Tauc plot (Fig. 5). The
Tauc equation is reported below (Eq. (3)):

αhv = A × (hv − Eg )n

(3)

Where α is the absorption coeﬃcient, A is a constant and n = ½ or two
for indirect allowed transition [44]. Absorption spectrum measured
reveals an optical bandgap of the material at 1.94 eV as it was derived
from a Tauc
plot. The result was found to be comparable with literature [45].
3.2. Performance of photocatalysis

3.2.2. Mono-contaminated water solutions (other type of dyes): MB, RBL
The photocatalyst was further used to degrade MB, as sample of
thiazine dye. The as contaminated water solution was treated under the
same conditions, to investigate the wide applications of the as synthesized catalyst under visible light irradiation. About 89% MB was degraded within 120 min. Fig. 6d display the UV–vis extinction spectrum
for the degradation of MB solution under visible light irradiation over
time irradiation. The evaluation of ﬁrst-order kinetic model shows a

3.2.1. Mono-contaminated water solutions: RhB
The eﬀect of visible light was ﬁrstly tested on RhB as model ﬂuorone
dyes. Fig. 6a shows that the direct photolysis of RhB can be neglected.
After three hours of irradiation, no relevant decrease in the concentration was recorded. This result suggests that the organic dye owns
excellent photo-stability, as highlighted by other authors [46,47].
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Table 2
First order reaction rate and correlation coesﬃcients for the diﬀerent dyes
analyzed.
Dye

Catalyst

Dye concentration
(mg/L)

catalyst
load (g/L)

ﬁrst kinetic
rate
(min−1)

R2

RhB
RhB
MB
RBL
mixed dyes:
MB
CV

BiI3
MBI
MBI
MBI
MBI

20
20
20
20
10
10

0.5
0.5
0.5
0.5
0.5

0.0048
0.0221
0.0129
0.0006
0.0044
0.0070

0.9534
0.9825
0.9698
0.9768
0.8945
0.8606

3.2.3. Multi-contaminated water solution
It is hardy possible that a wastewater steam consists in a single dye
contaminat. Therefore, the photocatalytic degradation was applied to a
mixture of two diﬀerent dyes. The purpose of this test is to simulate a
real wastewater belonging to textile or printing industries. The absorption spectra of mixed aqueous CV and MB is shown in Fig. 6f. It is
evident that the two characteristic absorption peak (λmax) do not
change when mixed in water. Therefore, the degradation of the mixture
was studied separately for the two dyes on the treated solutions. The
ﬁrst-order kinetic rate was applied. The reaction rate was found to be
0.0044 and 0.0070 min−1 for MB and CV. The low R2 coeﬃcent suggested that the reaction did not follow the pseudo-ﬁrst order kinetic in
this particular case. However, the lower eﬃciency, and the need of
change kinetic model may be due to the competition of the two contaminats for the adsorption sites on the photocatalyst surface. First
order reaction rate and correlation coesﬃcients in diﬀerent conditions
are reported in Table 2.
The improvement of the eﬃciency of MBI respect the bare precursor
(BiI3) may be correlated to the presence of carbon and nitrogen present
on the sample surface, as highlighted in XPS and FT-IR analysis. The
presence of carbon may increase the surface acidity and decrease the
number of defects as inhibiting factors for electrons-holes recombination. Moreover, the carbon may further broaden the visible-light absorbance enhancing the photoenergy used. In addition, the carbon
atoms on the surface may lead to the formation of eﬃcent active sites
enhancing the activity of the photocatalyst. On the other hand, also the
nitrogen presence can involve several crucial factors: a selective type of
surface species, a restricted number of lattice defects that may promote

Fig. 5. Diﬀuse reﬂectance UV–vis spectra for powder synthesized (MBI): general spectrum, derived plot from Kubelka-Munk.

reaction rate of 0.0129 min−1. The MB reaction rate degradation was
found to be 42% lower en respect RhB, this result may be the consequesce of lower adsorption aﬃnity inbetween the material used and
the pollutant.
RBL is an azo dyes, this family is composed by complex aromatic
compounds with a structure that provids a high degree of stability.
Moreover, they are the most widely used dyes especially in textile
dyestuﬀs [50]. Fig. 6e displays the UV–vis extinction spectrum recorded
over diﬀerent periods of treatment exposure. The evaluation of ﬁrstorder kinetic model shows a reaction rate of 0.0006 min−1. The rate of
RBL degradation was found to be extreamily lower en respect the other
dyes employed during the study. The stability and hardness of the
structural bonds of the RBL molecule made the degradation slower and
harder respect the other investigated pollutants. In particular, the difference in chemical structure of RBL may result in diﬀerence in adsorption characteristics, in susceptibility to photodegradation and
ability in absorption of light photon [51].

Fig. 6. (a) Extinction spectrum of RhB under visible light irradiation (halogen lamp); (b) extinction spectrum in dark conditions, (c) extinction spectrum under
photocatalytic conditions (halogen lamp); (d) extinction spectrum of MB under photocatalytic conditions (halogen lamp), (e) extinction spectrum of RBL under
photocatalytic conditions (halogen lamp); (f) extinction spectrum of mixed solution of MB and CV under photocatalytic conditions (halogen lamp).
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Fig. 7. (a) Eﬀect of catalyst load (MBI, mg on 60 mL mf MB solution) on photocatalytic activity in terms of C/C0; (b) pH impact on the MB photocatalytic degradation;
(c) eﬀect of MB concentration (mg/L) on photocatalytic activity in terms of C/C0; (d) degradation proﬁle of RhB under visible light photocatalysis for three cycles.
Scheme 1. Oxidized and reduced forms of MB.

the eﬀect on the organic dye photodegradation. The natural pH of the
solutions (20 ppm) was found to be ﬁve and it was varied from two to
12 using the required amount of HCl or NaOH solutions, respectively.
Fig. 7b shows the photocatalytic results achieved at diﬀerent initial pH
values: the best degradation results of about 95% were achieved at
extreme pH values of 12 and two. In basic conditions, the beneﬁt eﬀect
was probabily due to the presence of large quantities of OH− ions in the
reaction medium. The hydroxide favors the formation of ROS, which is
now widely accepted as the principal oxidizing specie responsible for
the organic contaminants removal process. Moreover, under alkaline
conditions, the concentration of MB could be directly reduced by OH−
ions, thus blue colored MB could be transformed into colorless leukomethylene blue (MBH2) (Scheme 1).
At highly acidic pH the enhancement in degradation eﬃciency may
depends on the zero point charge of the catalyst. The adsorption behavior of the photocatalyst can be inﬂuenced by the pH value. The
point of zero charge (pHzpc) was evaluated in orther to get the pH value
at which the MBI exhibits zero net electrical charge on the surface [54].
The pHzpc of the MBI was found to be 2.5, below these pH is most
suitable the adsorption of canionic dye, such as MB [55]. It must be
mentioned that in acidic condition the aromatic structure of organic
dyes may also be easily cleaved by photocatalysis.

charge diﬀusion. Thus, both carbon and nitrogen were expected to inﬂuence the process.
3.2.4. Eﬀect of catalyst loading
The concentration of catalyst has been varied from 0.3 to 1 g/L. The
results are depicted in Fig. 7a; they show that with increase in catalyst
load the initial reaction rate increases. It has been observed that after
120 min about 62% of degradation has been achieved using 60 mg
(triangles), about 52% for 50 and 40 mg (squares and circles) and lower
than 25% for 30 and 20 mg (lines and diamonds). The increse fact may
be due because of the availability of active sites on catalyst surface for
photocatalytic reactions. The number of available active sites rises with
increase in catalyst loading. Nevertheless, at higher concentrations,
other parameters aﬀect the photocatalytic activity. For example, penetration of light may be hindered or even reﬂected (scattered) due to a
light shielding of particles, this may aﬀect the activity of portions of the
photosensitive area. Subsequently, a reduction of photons may lead to
even a decrease in the rate of degradation.
3.2.5. Eﬀect of pH
Many possible reaction mechanisms contribute to variation of contaminants degradation depending mainly by the substrate nature and
pH. It is well established that the adsorption of ions modiﬁes the surface
charge and the diﬀuse layer potential and that these quantities may
strongly vary with ionic strength and pH. These parameters thus regulate the properties inbetween absorbate and absorbent interfaces [52].
Moreover, it must be considered the pH-dependency of electron
transfer, such as dye injection, and back electron transfer [53].
The initial pH value of the MB solution was varied in order to study

3.2.6. Eﬀect of dye concentration
The concentration of MB has been varied from 10 to 30 mg/L
maintaining constant the other parameters. As can be seen in Fig. 7c,
after 120 min the degradation of MB at 10, 20 and 30 mg/L decreases
respectively from 62%, 51% to 37%. When the organic contaminant
concentration is increased, higher number of molecules are adsorbed on
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intensity better ﬁt the adsorption capacity of the MBI. The halogen irradiation source provides a higher intensity respect the LED source.
Fig. 9 shows the extinction spectrum of removal of RhB in acqueous
solution under LED irradiation.

the catalyst surface. Since huge amount of reactive species are required
for the degradation of pollutant if the concentration of target pollutant
is high, radicals may be not not suﬃcient for the degradation of pollutant. That fact may ultimately results in decrease in the degradation
rate of pollutant as the concentration increases.

3.5. Possible mechanism for the enhanced photocatalytic activity

3.3. Recycle test

In general, the degradation of dyes in the presence of visible-light
photocatalysts can be initiated through two main processes known as
direct semiconductor excitation and indirect dye sensitization [59].
Indeed, the degradation of RhB can be associated also to self-sensitized
mechanisms [60–62]. Thus, electron to transfer can be induced under
illumination from the dye molecules to the catalyst. On the other side,
also the electrons in the photocatalyst can be excited and produce
electron-hole pairs. Generally, both the mechanisms can produce reactive radical species and initialize the photocatalytic reaction. Currently, MBI has been widely studied for its remarkable properties such
as: high electron and hole mobility, a large absorption coeﬃcient, a
favourable band gap, a strong defect tolerance, shallow point defects, a
benign grain boundary recombination eﬀect, a reduced surface recombination and long electron–hole diﬀusion length. These characteristics are in accordance with the requirements of a good visible-light
photocatalyst. Herein, the optical data were combined with information
assumed by other research studies to build a hypothetical energy band
diagram and a possible dye removal mechanism [63–65]. Visible light
irradiation promoted generation of electron-hole pairs that can lately be
transported throw the surface of the catalyst. The low recombination
rate avoids the recombination of the charges enhancing the photocatalytic activity [66]. The generated holes enable a one-electron oxidation step with water to produce a hydroxyl radicals (•OH). Several
researchers have reported •OH to be one of the main responsible for
oxidation reaction [67]. Free •OH radicals, more reactive than the
surface-bound analogues, are well known to be primary oxidants in the
photocatalytic degradation of organic pollutants because of their reorganization energy [68]. On the other hand, after excitation the
electrons could ﬂow from the dye (RhB*) to the catalyst, enhancing the
eﬃciency of degradation. According to the position of the energy levels
of the material, not only the electrons can ﬂow from the excited dye to
the inorganic perovskite but also the holes may ﬂow on the other way.
The photoexcited holes and electrons can be well separated to restrict
charge recombination, and thus the photogenerated charge carriers can
be used more eﬃciently, favouring higher eﬃciencies by modulating
the charge diﬀusion and transfer dynamics [69]. In photocatalytic
processer, it is important to investigate the main active species. Trapping agents, such as AgNO3, KI, IPA and BPQ have been used to capture
free e−, free h+, hydroxyl free radicals (•OH) and superoxide radical
anions (O2•−) respectively [26–28]. As shown in Fig. 10, the addition of
AgNO3 and BPQ has no obvious eﬀect on the degradation of RhB. This
suggests that e− and O2•− are not the primary active species involved
in the process. On contrary, when KI or IPA were added the photogradation eﬃciency descrease under two hours of visible-light irradiation. It can be concluded that h+ and •OH are the primary active
species in the photodegradation of RhB over the as synthesized photocatalyst. The potentials of the conduction band (CB) and valence band
(VB) edges of are represented in energy level diagram of Fig. 10 on the
basis of the measurements and previous reports [45,70–72]. On the
base of the above results, one can conclude that there are two factors

The recyclability of the as synthesized material was evaluated for
multiple cycles. Recyclability represents one of the most important
advantages for heterogeneous catalyst. Fig. 7d displays the data dor all
the three cycles performed on the pollutant. After three cycles, the
system still showed an eﬀective activity on removal of RhB dye, the
activity loss was negligible. RhB degradation eﬃciency showed a removal of 96%, 95% to 91% at the ﬁrst, second and third cycle, respectively. The decrease observed after reuse may be caused by active
sites saturation. It can be conclude that the synthesized material show
stable recyclability and thus can be considered as promising heterogeneous catalyst for visible light photo-catalysis.
3.4. Alternative visible light source
Nowadays, not only environmental pollution but also the energy
demands is considered serious problems all over the world [56]. The
demand for energy is increasing drammatically due to the continous
growing of world population, this fact poses a great risk to the environment. The supply of sustainable and clean energy sources as well
as the environment protection are key factors to develop green technology and preserve life on our planet. Among the main alternative,
solar energy, because of its availability, accessibility, and cleanliness is
being considered as an ultimate source of energy, which could address
both energy and environmental issues [57,58]. Visible light is portion
of solar spectrum, it is non-toxic, it does not generate waste, and it is a
renewable source of energy. Among of the available sources for visible
light irradiation Halogen and LED bulbs technology were selected in
this study. Two visible light units were employed: halogen lamps
(Visilight CL150) and LED (Visilight LED 3), both of them were supply
by VWR. A comparison between the main characteristics of the two
kind of lamps are shown in Table 3.
Fig. 8 illustrates the spectrum diﬀerences between halogen and cold
light LED. Light sources can generally be divided into thermal light
sources such as sunlight, halogen and incandescent light, and nonthermal light sources such as LED and ﬂuorescent lights. LED and halogen light can produce only visible range light in the spectrum of
380 nm–780 nm. Halogen and LED lamps cover the same wavelenght
range, but they show diﬀerent intensities. Halogen lamp shows a region
of omogenoeus higher intensity at between 550 and 650 nm, LED lamp
shows two relatively isolated peaks respectively at 450 nm and 550 nm.
Halogen and LED lamps were used to compare the photocatalytic
behavior of the as sensytized catalyst. Under LED irradiation, the ﬁrstorder kinetic rate was found to be 0.0072 min−1. The value calculated
with the use of Halogen irradiation was 0.0221 min−1. The LED irradiation give a rate equal to the 35% of the rate reached with the
Halogen lamp irradiation. As expected, the halogen lamp was found to
be more suitable. Comparing the intensity spectra of the halogen and
the LED lamp in Fig. 8 with the adsoption spectrum recorded with the
UV/vis Spectrometer in Fig. 5, it can be assumed that the halogen
Table 3
Main characteristics of Halogen and LED lamp.
Lamp

Power consumption (W)

Luminous eﬃcacy
(lumens/watt)

Colour temperature (K)

Average Lifespan (hours)

Visilight CL150
Visilight LED 3

150
36

16–24
80–100

3270
5700

1.000
55.000

123

Journal of Photochemistry & Photobiology A: Chemistry 376 (2019) 116–126

B.-M. Bresolin, et al.

Fig. 8. (a) Halogen lamps emission spectrum, (b) LED lamps emission spectrum.

Fig. 9. Extinction spectrum and of RhB under photocatalytic conditions (LED lamp), dynamics degradation (C/C0) during photocatalytic reactions, error bars
represent standard deviations from 3 replicates.

reduce oxigent present in water into the oxidizing species (•O2−). As
explained before, the electron of the organic dye might be transfered
from the dye (RhB*) to the catalyst, enhancing the eﬃciency of degradation by ROS production. According to the position of the energy
levels assumed, not only the electrons can ﬂow from the excited dye to
the MBI but also the holes may ﬂow from the catalyst to the dye, increasing the degradation eﬃciency.
Finally, two degradation pathways for RhB degradation are presented in Fig. 10. A ﬁrst possible degradation occurs by de-ethylation of
RhB•+ by the attack on the N-ethyl group leading to the formation of
de-ethylated intermediates (N,N,N′-tri-ethylated rhodamine, N,N′-diethylated rhodamine, N-ethylated rhodamine and rhodamine). A
second pathway involves the degradation of RhB chromophore by the
attack of •OH radicals on the chromophoric structure leading to the
formation of organic acids and alcohols intermediates and ﬁnally to

contributing to the visible-light photocatalytic activity of MBI. First, the
absorption spectrum shifted to visible region resulting in photocatalytic
degradation of RhB under visible-light irradiation. Secondly, the effective structure and morphology of MBI allowed highly eﬃcient
charges generation and separation in one hand and low charges recombination rate in the other hand. In general, reactive oxygen species
such as O2−• and •OH can easily degrade RhB to smaller organic substances or even CO2 and H2O [73]. In our case, after excitation, an
electron in the valence band is excited in the conduction band of the
photocatalyst (2). The electron and holes are transported throw the
surface of the catalyst. The holes can be consumed to directly oxidize
RhB dye as proved by trapping agent experiments. On the other side,
the hole, on the valence band, enables a one-electron oxidation step
with water to produce a hydroxyl radical •OH. Meanwhile, it should be
mentioned that it is also possible a contribution of electrons that can

Fig. 10. Hypotized mechanisms of degradation of RhB.
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CO2 and H2O [74,75]. According to the results of trapping agent, one
may concludes that the second path is probablily the one that occurred
in the present case.
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4. Conclusions
In summary, the HOIP lead-free perovskite was successfully synthesized via a low temperature wet-chemical method. To the best of our
knowledge, it could be the ﬁrst report in photocatalytic application
using MBI. Under visible-light illumination, the material show a remarkable activity for the degradation of the model compounds chosen.
This ability was probably due to two speciﬁc features of the synthesized
material: the visible-light optical absorption capacity and the reduced
recombination of photogenerated electron–hole pairs. The present work
provides a new type of material that may make full use of solar energy
in practice for environmental applications.
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Abstract: In our work, we employed Cs3 Bi2 I9 as a visible-light-active photocatalyst, synthesized
with a low-temperature solvothermal method. The morphological and structural properties of the
as-prepared perovskite were investigated, and the results were compared to previous studies to
confirm its nature and the quality of the synthesis procedure. Transient absorption spectroscopy
was applied in order to investigate the generation and lifetime of photogenerated charge carriers,
revealing their formation after visible light excitation. The potential photocatalytic activity of the
as-prepared metal halide perovskite was applied for the removal of Rhodamine B in aqueous solution,
demonstrating an excellent activity of 93% after 180 min under visible-light irradiation. The current
research aims to provide insights into the design of a new visible-light-active photocatalyst, Cs3 Bi2 I9 ,
selected for its high application value in the field of advanced materials for light harvesting.
Keywords: halide perovskite; laser photolysis; charge carrier separation; visible light activity

1. Introduction
The recent developments in industrialization have caused simultaneously remarkable energy and
environmental challenges. This increasing global environmental pollution has become a pivotal issue;
thus, sustainable technologies to solve the problem for human society should be developed [1]. On the
other hand, the extensive employment of alternative renewable energy sources is also required for a
sustainable future of our planet and its ecosystems.
Among the possible alternatives, heterogeneous photocatalysis has emerged as a promising
technology holding the key for the future in environmental decontamination and renewable energy
generation. One of its main advantages is the use of light energy, a sustainable source available all
over the world [2–5]. Light energy is definitively considered one of the most promising sustainable
sources, providing an environmentally friendly supply, and with its worldwide availability, it can be
considered as one of the main candidates to overcome the future energy crisis [6,7].
Nanomaterials 2020, 10, 763; doi:10.3390/nano10040763
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In recent years, the use of light-activated photocatalysts emerged in heterogeneous advanced
oxidation as great technology for environmental remediation and light energy conversion [8,9]. Some
of the merits of these materials include the absence of fouling, the lack of mass transfer limitations,
applicability at ambient conditions, and the ability to mineralize many organic pollutants into non-toxic
compounds, such as water, carbon dioxide, and inorganic ions [10]. Among different photocatalysts,
Titanium Oxide (TiO2 ) has attracted particular attention for many reasons, such as high stability,
resistance to different pH conditions, non-toxicity, strong redox reaction potentiality, low cost, and
availability in the market [2,11]. Unfortunately, with its wide bandgap (3.2 eV), conventional TiO2
could be mainly utilized under UV illumination that only accounts for a small fraction of the sun’s
energy (5%) [12,13]. On the other hand, visible light accounts for almost 45% of the available solar
radiation. Therefore, by exploiting novel visible-light-using active photocatalysts, sunlight would
be more efficiently used, and the overall applications based on solar radiation would be greatly
improved [14–17]. Thus, it seems profitable to design new and highly efficient visible-light-active
photocatalysts for practical applications.
Recently, perovskite materials emerged for their record-breaking properties, in particular, their
attractive light-harvesting ability [18–20]. Among them, lead halide perovskites have garnered a lot of
attention for their remarkable performance, especially in photovoltaic devices. Unfortunately, their
toxicity and instability remain two gaps to overcome for environmental applications [21–23]. In contrast,
inorganic perovskite materials display much better stability [24–26]. Particularly, bismuth-based halide
perovskites have gained attention by solving both the stability and toxicity issues related to lead-based
materials [27–29]. Bismuth is known as an abundant metal on the earth’s crust; it can be recovered as a
byproduct of other metals’ refining, and its price is quite stable and relatively low [30]. Several scientists
have investigated ternary cesium bismuth halide (Cs3 Bi2 I9 ) as a new material for high-performance
photovoltaic applications [27,31–34]. The Cs3 Bi2 I9 structure consists of identical perovskite-like
fragments described by a general formula A3 Bi2 I9 , with alternating edge-sharing [BiI6 ]3− octahedral
layers, where the voids are filled with Cs+ cations [35,36]. The tuneable structure and morphology have
a great influence on the intrinsic electronic and optical properties that make this material so interesting
in photocatalytic applications [37]. Many pioneers in photovoltaic technology have already experienced
its advantages, such as excellent photoluminescence intensity suppression and significantly less toxicity
than lead halides [31,33,34,37–42]. Intense research has been reported on Cs3 Bi2 I9 due to its attractive
and impressive optical and electronic properties, such as excellent carrier transport behavior, high
defect tolerance, and extremely low-density defects. However, several characteristics and potential
applications of such an interesting material are still unrevealed.
The development of visible-light-active photocatalysts to tackle environmental contamination
using a sustainable approach has been addressed as imperative, taking into consideration that
visible light makes up the substantial fraction of the solar spectrum. In this work, we focused on
Cs3 Bi2 I9 powder, prepared with an easily reproducible and low-temperature procedure. In particular,
the visible-light-induced photogenerated charges were studied by laser flash photolysis revealing their
mobility and dynamics effects.
Dyes are one of the main sources of water pollution [43–47]; in textile industries, around 12% of
dyes used are found to be lost during operations every year, and 20% of their residues are estimated to
be released directly in the environment [48]. High contamination has been reported for xanthene dyes,
such as Rhodamine B (RhB), [49] which was found to be very harmful not only for the aquatic animals
and plants, but also for humans, causing respiratory problems, asthma, dermatitis, mutagenicity,
cancer, etc. [50]. Dyes show good solubility in water, and they are strongly resistant to the majority of
conventional chemical and biological methods [51,52].
In our work, the as-synthesized metal halide perovskite was characterized by different techniques,
and its photocatalytic activity was tested by studying the degradation of Rhodamine B in aqueous
suspension under visible-light irradiation.
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the ability of the perovskite to generate trapped charge carriers after excitation with visible light.
Laser flash photolysis measurements were applied to determine the primary photochemical
Laser flash photolysis measurements were applied to determine the primary photochemical processes:
processes: the photogeneration of electrons and holes charge carriers. The reactivity of the trapped
the photogeneration of electrons and holes charge carriers. The reactivity of the trapped charge carriers
charge carriers was tested by the photodegradation of RhB.
was tested by the photodegradation of RhB.
The structure of the as-synthesized material is depicted in Figure 1. Based on our comprehensive
The structure of the as-synthesized material is depicted in Figure 1. Based on our comprehensive
study, we have proposed Cs3Bi2I9 as a potential visible-light photocatalyst justified by the investigated
study, we have proposed Cs3 Bi2 I9 as a potential visible-light photocatalyst justified by the investigated
criteria, such as proper bandgap, suitable optical properties, and charge carriers’ dynamics.
criteria, such as proper bandgap, suitable optical properties, and charge carriers’ dynamics.
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2.1. Photocatalyst Preparation
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Cs3 Bi2 I9 perovskite was synthesized from cesium iodide (CsI, 99.9% trace metals basis) and
Cs3Bi2I9 perovskite was synthesized from cesium iodide (CsI, 99.9% trace metals basis) and
bismuth iodide (BiI3 , purity 99%) using dimethylformamide (anhydrous, 99.8%, DMF) as the solvent.
bismuth iodide (BiI3, purity 99%) using dimethylformamide (anhydrous, 99.8%, DMF) as the solvent.
All chemicals were purchased from Sigma Aldrich (Darmstadt, Germany) and used without further
All chemicals were purchased from Sigma Aldrich (Darmstadt, Germany) and used without further
purification. In a typical synthesis, CsI and BiI3 were mixed in dimethylformamide in a molar ratio of
purification. In a typical
synthesis, CsI and BiI3 were mixed in dimethylformamide in a molar ratio of
3:2 and heated at 60 ◦ C overnight for the evaporation of the solvent. Diethyl ether (purity ≥99.8%,
3:2 and heated at 60 °C overnight for the evaporation of the solvent. Diethyl ether (purity ≥99.8%,
Sigma Aldrich, Darmstadt, Germany) was used to wash the sample three times in order to remove
Sigma Aldrich, Darmstadt, Germany) was used to wash the ◦sample three times in order to remove
DMF residues. Finally, the sample was dried in an oven at 60 C overnight. The obtained material was
DMF residues. Finally, the sample was dried in an oven at 60 °C overnight. The obtained material
finally ground in a mortar in order to obtain a fine powder.
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glasses (Sigma Aldrich, ≈8 Ω sq−1 ) by the screen printing method [53]. The elemental composition
was confirmed by means of energy dispersive spectroscopy (EDS). Transmission electron microscopy
analysis was performed with a TECNAI FEI G2 microscope.
2.3. Laser Flash Photolysis Measurements
Transient absorption spectroscopy measurements (TAS) were performed with an Applied
Photophysics LKS 80 Laser Flash Photolysis Spectrometer. In order to analyze the light absorption
of the photogenerated transient species, the powder was excited with an Nd-YAG laser (Quantel;
Brilliant B; 2rd harmonic, 532 nm) and analyzed with a pulsed xenon lamp (Osram XBO, 150 W; Austin,
TX, USA). The diffusely reflected light was led to a monochromator and then to a photomultiplier
as a detector (Hamamatsu PMT R928, Japan). Excitations energy densities of 3 mJ cm−2 per pulse
were used and monitored by a Maestro energy meter (Gentec-EO). Resistance of 100 Ω was used
for the connection between detector and oscilloscope. Before each experiment, the Cs3 Bi2 I9 powder
sample was placed in a quartz flat cuvette flushed with nitrogen or methanol for 30 min according to
the purpose of the measurements. The change in the reflectance ∆J was obtained from the measured
absorbance (Abs) values according to Equation (1), where I0 and I are the intensities of the reflected
light before and after excitation, respectively.
∆J = 1 − 10−Abs =

I − I0
I0

(1)

For each measurement, the average of 15 shots was considered, and the data points were reduced
to 200.
2.4. Measurement of the Photocatalytic Reactivity
For the determination of the photocatalytic activity of the as-prepared sample, the photocatalytic
conversion of Rhodamine B in aqueous solution was investigated at ambient temperature under
visible-light irradiation. The experiments were performed in a 250 mL flask, with 100 mg of the
photocatalyst powder that was dispersed into 100 mL of an RhB solution (20 mg/L). After a period to
reach the adsorption equilibration in dark conditions (30 min), the surface of the solution was irradiated
with a 150 W halogen lamp (Visilight CL150, Lutterworth, UK) with emission in the visible range
(380–400 nm, Figure S1); more information is available in the Supplementary Materials. The lamp was
located at the top of the reactor at two centimeters from the surface of the solution. The decrease in the
concentration of the target pollutant was monitored at constant intervals of time by a PerkinElmer
Lambda (Waltham, MA, USA) 1050 UV—visible spectrophotometer.
3. Results and Discussion
3.1. Morphological Characterization
Figure 2 shows the recorded XRD pattern of the as-prepared material, which agrees with the
reference pattern (01-070-0666 (I)—cesium bismuth iodide). Furthermore, no peaks corresponding to
precursor materials were present (Supplementary Materials, Figure S2), confirming the purity of the
as-synthesized powder. The obtained lattice parameters are a = 8.404 Å, b = 8.404 Å, and c = 21.183 Å,
which are in good agreement with previous studies [31,37]. More details are presented in our previous
report [54].
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Halide perovskites have shown great potential in photocatalytic applications. In order to enhance the charge
transportation efficiency, the chemical stability, and the light absorption ability, we anchored a lead-free halide
perovskite (Cs3Bi2I9) on UV100–TiO2 nanoparticles to build a visible-light active photocatalysts. The as-prepared
material exhibited excellent stability and a remarkable yield for photocatalytic oxidation of methanol to form
aldehyde under visible light irradiation. The photocatalyst was characterized using X-ray diffraction, scanning
electron microscopy, energy-dispersive X-ray spectroscopy, Transmission electron microscopy, X-ray photo
electron spectroscopy, ultraviolet–visible diffuse reflectance spectroscopy, Brunauer–Emmett–Teller surface area
measurement, and photoelectrochemical properties. The analyses confirmed a remarkable improvement of
visible-light absorption, a favorable decrease in the recombination of photoinduced charge carriers, and a
suitable bandgap for visible-light photocatalytic applications. Recycle experiments showed that the composites
still presented significant photocatalytic activity after three successive cycles. A possible underlying mechanism
of the composite accounting for the enhanced photocatalytic activity under visible light irradiation was
proposed.
Our study aims to open new possibilities of using lead-free halide perovskites for photocatalytic applications.

1. Introduction
Environmental pollution and energy demand are without any doubts
among the biggest challenges of the new century [1,2]. In recent years, it
has been reported a steady increase of water pollution in many parts of
the world caused by the accelerated release of pollutants due to the
combination of a growing population and a rapid industrial develop
ment [3–6]. Moreover, efficient and sustainable technologies for reme
diation of wastewater remain a current issue and great challenge for
scientists [7]. On the other hand, it is equally urgent to find a renewable
energy resource to answer the increasing energy demand and mitigate
the negative effect of global warming [8–11]. Therefore, the develop
ment of highly efficient and eco-friendly methods for wastewater
treatment based on renewable energy sources has become an imperative
task.

Among different technologies, photocatalysis appears to be a
promising way to solve simultaneous environmental and energy issues
[12–15]. The initiating event in photocatalysis is the absorption of the
radiation emitted by the sun and the formation of electron-hole pairs in
the empty conduction band (CB) and the filled valence band (VB),
respectively. To the extent that not all the electrons and holes after
recombine, some of them may attenuate to the surface reacting with
bounded groups, water or absorbed molecules. Generally, highly reac
tive oxygen species (ROS) are formed by interfacial transfer of electrons
and holes to oxygen molecules dissolved in water and water adsorbed on
the catalyst surface [16,17]. The strong oxidizing power of ROS induces
the degradation and mineralization of many organic and inorganic
wastewater pollutants [18,19]. As a sustainable technology, a photo
catalytic process can operate at room temperature utilizing clean and
renewable solar light as driving force for the abatement of contaminants
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with any production of hazardous residues after complete mineraliza
tion [20]. Among the studied photocatalysts, TiO2 is definitively the
most investigated material due to its high oxidative efficiency, chemical
stability, nontoxicity, and low-cost [21–23]. Unfortunately, the photo
catalytic efficiency of TiO2 is still low, mainly due to the slow reactions
and the low solar energy absorption capacity [24,25]. Charge generation
and separation process are one of the factors that affect reaction rate
employing TiO2 as a photocatalyst because the recombination process is
usually found to be much faster than the interfacial charge carrier
transfer [26,27]. Moreover, TiO2 exhibits a wide bandgap and thus it can
only be excited by photons with wavelengths in the UV range, which
accounts for around 5% of the solar radiation energy [28]. Therefore,
enhancing the efficiency of the photocatalytic process and extending the
light absorption range of TiO2 represent a current challenge for
researchers.
In our research, we studied the formation of semiconductor hetero
structures with improved electron dynamics and enhanced light ab
sorption ability. In recent years, significant advances have been made to
design various kinds of semiconductor-based heterostructures for many
potential applications such as biomedicine, nanodevices, and photo
catalysis [29,30]. In the past decades, semiconductor heterostructures
have been extensively studied for their ability to enhance the
photo-induced charge separation efficiency [31,32]. In general, a type-II
heterojunction is formed when both the VB and the CB energetic posi
tions are more positive or more negative in one of the semiconductors. In
this case, the band bending may induce the photogenerated charges
carriers to migrate from one semiconductor to the other resulting in a
spatial separation of the electrons and holes on different sides of the
heterojunction. This mechanism highly reduces the recombination rate
of the charge carriers enhancing the charge separation efficiency,
increasing the carrier lifetime, and consequentially improving the pho
tocatalytic efficiency [33–36]. Moreover, by coupling a UV-active
semiconductor, such as TiO2, with a visible light-active semi
conductor, the synergic absorption ability of the two semiconductors
extends the light response range improving the solar energy utilization
[37].
Furthermore, among important technological developments of the
current decade, perovskite material has achieved outstanding perfor
mances showing high power conversion efficiency, especially in
photovoltaic applications [38–41]. In particular, organic–inorganic
hybrid halide perovskites (HOIP) have become promising candidates
due to their remarkable properties [42,43]. Unfortunately, the ambient
instability and the easy decomposition of the labile organic components
should be overcome in order to develop HOIP materials for environ
mental remediation. Moreover, the most efficient HOIPs usually contain
lead, being a serious toxic disadvantage that limits commercial appli
cations. On the other hand, among the inorganic perovskites, Bi-based
halide perovskites have gained much attention solving the stability
and toxicity issues related to lead-based perovskite materials [41,44,
45]. In particular, cesium bismuth iodide (Cs3Bi2I9) is new low toxicity
and air-stable compound belonging to the perovskite family that ex
hibits remarkable and promising qualities. Cs3Bi2I9 is characterized by a
dark cherry red color, and it can be easily synthesized at low tempera
ture. Although the phase transitions of these compounds have been well
studied [46–48], the optoelectronic properties of the ternary inorganic
bismuth halides have not been explored extensively [41]. Cs3Bi2I9 has
been reported to have bandgap energy of about 2 eV. Due to its narrow
bandgap, it has a wide range of optical absorption, and it can be assumed
to be suitable for applications in photocatalysis [49–51].
In our research, Cs3Bi2I9 perovskite and anatase TiO2 as new heter
ostructure material was coupled to improve the performance in photo
catalytic applications. In particular, joining a wider bandgap
semiconductor having a more positive conduction band edge potential
(vs. RHE) to form a heterojunction structure may be a way to allow the
inhibition of recombination of electron-hole pairs. On the other hand,
the presence of Cs3Bi2I9 inorganic perovskite was addressed to improve

Fig. 1. Schematic illustration of the preparation pathway of the Cs3Bi2I9:
TiO2 composites.
Table 1
List of synthesized materials.
Name of material

Cs3Bi2I9 wt%

Cs3Bi2I9
UV100–0.5
UV100–0.25
UV100–0.1
UV100–0.05
UV100

–
0.50
0.25
0.10
0.05
–

the light absorption capacity of TiO2 and further enhance its photo
catalytic activity. To our knowledge, this is the first report that
employed UV100:Cs3Bi2I9 composites for photocatalytic water
treatment.
2. Materials and methods
2.1. Materials
TiO2 Hombikat UV100 powder (250 m2g-1 specific surface area,
particle size ~10 nm [52]) was kindly provided by Sachtleben Chemie
GmbH (now Venator Germany GmbH, Germany). Cesium iodide CsI
(99.9%, trace metals basis), bismuth iodide BiI3 (99%), diethyl ether
(99.8%), and dimethylformamide (DMF, anhydrous, 99.8%) were pur
chased from Sigma-Aldrich and used without further purification.
2.2. Photocatalyst synthesis
Perovskite Cs3Bi2I9 was synthesized from CsI and BiI3 using DMF as a
solvent. In a typical synthesis, CsI and BiI3 were mixed in DMF (20 mL)
in a molar ratio of 3:2, at 60 � C under continuous stirring overnight.
After the complete evaporation of DMF, the material was washed three
times with diethyl ether to remove any DMF residue and dried [53]. The
Cs3Bi2I9:TiO2 composites were synthesized following a simple impreg
nation method. TiO2 and Cs3Bi2I9 were suspended in deionized water
(Milli-Q, 18.2 MΩ cm) and sonicated for 1 h. The suspension was
centrifuged three times with deionized water and the obtained solid was
subsequently calcined (400 � C) to form the Cs3Bi2I9:TiO2 composites.
The obtained materials were finally ground into fine powders. The
schematic illustration of the multi-step preparation pathway is pre
sented in Fig. 1. The four synthesized composites with different weight
ratios were named as UV100–0.05, UV100–0.1, UV100–0.25,
UV100–0.5, where the numbers demonstrate the weight percentage of
Cs3Bi2I9 in respect to TiO2 (Table 1).
2.3. Photocatalyst characterization
The crystal phases and lattice parameters of the samples were
2
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determined by powder X-ray diffraction using a D8 Advance diffrac
tometer (Bruker) provided with a Cu Kα radiation source. Diffuse
reflectance UV–Vis spectroscopy was employed using a spectropho
tometer (Varian Spectrophotometer Cary-100 Bio, Agilent technolo
gies). Barium sulfate was used as a standard for 100% reflection. For the
bare perovskite, the bandgap was deduced from Tauc plot [54]. Bru
nauer–Emmett–Teller (BET) measurements were performed to deter
mine the specific surface area of the precursors and the synthesized
powders. The analysis was performed by a single-point measurement of
physisorption of molecular nitrogen at 196 � C using a Chemisorb 2300
apparatus (Micromeritics Instrument). Information on the elemental
composition and the chemical state of the species composing the sample
surfaces were recorded using X-ray photoelectron spectroscopy
(XPS-Leybold Heraeus) with 300 W Al Ka radiation. The morphology of
the materials was further defined using scanning electron microscopy
(SEM). Field emission scanning electron microscopy (FESEM) images
were obtained in a Jeol JSM 6700 F microscopy at 2.0 kV acceleration
voltage. The elemental composition was determined by energy disper
sive spectroscopy (EDS). Electrochemical measurements were per
formed in a three-electrode electrochemical cell provided with a Pt
counter electrode and Ag/AgCl (3 M saturated solution of NaCl) as a
reference electrode. Thin films of the Cs3Bi2I9:TiO2 composites were
prepared on top of fluoride-doped tin oxide (FTO) coated glasses (Sigma
Aldrich, � 8 Ω/sq) by the doctor blade technique. A paste consisting of
200 mg of the composite, 50 μl of Triton X-100 (Sigma-Aldrich,
laboratory-grade), 100 mg of polyethylene glycol 10000 (Merck, for
synthesis), 400 μl of deionized water, and ethanol was used for the film
preparation. A final calcination step at 400 � C for 2 h was applied in
order to remove the organic materials. The as-prepared films were used
as working electrodes for impedance measurements at 10 Hz in
0.1 mol/L KNO3 using a ZENNIUM Electrochemical Workstation (Zah
ner-Elektrik GmbH & Co. KG). A solar simulator equipped with a xenon
lamp (300 W, 678 W⋅m 2) and an AM-1.5 G filter was employed for the
photo-electrochemical measurements.

Fig. 2. XRD patterns for precursors and synthesized materials.

following equation Eq. (1):
k¼

d½A�
½A�

(1)

where [A] is the concentration of the model pollutant and k is the re
action rate.
The detection of hydroxyl radicals was performed by the use of ter
ephthalic acid, which reacts with photogenerated hydroxyl radicals,
yielding the fluorescent 2-hydroxyterephthalic acid (2-HTA) [57].
Aqueous terephthalic acid solution (0.5 mM) was mixed with 1 g/L of
catalyst, and the pH was adjusted to basic using NaOH solution (2 mM).
The solution was stirred for 30 min and then irradiated with a LED lamp.
Sample from the solution were collected at different time intervals and
filtrated to separate the catalyst. Finally, the fluorescence of the filtrate
was measured by exciting at 315 nm.

2.4. Set-up for photocatalytic evaluation in aqueous phase
In this study, methanol (CH3OH) was used as a model of organic
pollutant in order to quantify the photocatalytic potential of the
Cs3Bi2I9:TiO2 composite materials [55]. A closed quartz photoreactor
was filled with 75 mL of a 100 mM methanol aqueous solution. Single
wavelength LED irradiation was used with two different light sources
M455L3 (blue LED 455 nm), and M365L2 (UV LED 365 nm) purchased
from Thorlab and equipped with a collimating lens. The emission
spectra of the light sources are shown in the Supporting Information
(Fig. S1). The irradiation of the composite suspensions (1 g/L) started
after 30 min in the dark to ensure that the adsorption-desorption equi
librium was established. Liquid samples were withdrawn at regular time
intervals. The catalyst was removed from the liquid phase by filtration
through an RC membrane with a 0.2-μm pore size (Phenomenex). The
amount of photogenerated formaldehyde was determined after the
oxidation of methanol by taking 300 μL after specific illumination in
tervals. After addition of 600 μL of the Nash reagent (0.02 M acetyla
cetone, 0.05 M acetic acid, and 2 M ammonium acetate), the
yellow-colored diacetyldihydrolutidine (DDL) is formed and detected
by fluorescence spectroscopy [55,56]. At an excitation wavelength of
405 nm, the characteristic emission of DDL appears at 510 nm. The
fluorescence of DDL was measured in a well plate (Nunclon Delta Sur
face, Thermo Fisher Scientific Inc., USA) sample holder. The analysis
was performed employing an F-7000 Fluorescence Spectrophotometer
Hitachi equipped with a Xenon Lamp (FL parameter: 700 V PMT voltage,
5 nm excitation and emission slits, 2400 nm min 1 scan speed, 315 nm
excitation wavelength, luminosity spectrum of 410–650 nm emission
wavelength recorded).
Moreover, the reaction rate of the different photocatalysts was
determined by considering a first-order kinetic model according to the

3. Results and discussion
3.1. Catalyst characterization
The XRD patterns of UV100 and the as-synthesized composites are
shown in Fig. 2. The UV100 diffraction pattern was compared with the
JCDS-ICSD standards, and it was indexed to the tetragonal TiO2 anatase
phase (JCPDS Card no. 21–1272). The peaks observed at 2θ values of
25.4� , 38.5� , 48.2� , 54.4� , 55.4� , and 62.7� correspond to the (101),
(004), (200), (105), (211), and (204) crystal planes [58]. Additional
XRD patterns of the starting materials (BiI3 and CsI2) and the Cs3Bi2I9
perovskite are shown in the Supporting Information. The XRD pattern of
Cs3Bi2I9 exhibits a hexagonal crystallographic phase with space group
P63/mmc [53,59,60]. In the XRD pattern of Cs3Bi2I9, closely spaced
peaks convolute into a single broad peak, sometimes with an asymmetric
shape. These complexities, together with the usual uncertainties arising
from inhomogeneity in the size and shape of nanocrystals, made the
determination of the crystallite size of Cs3Bi2I9 challenging. The XRD
patterns obtained for the heterostructures after calcination show peaks
of the pristine anatase-TiO2 (UV100) crystal phase without any changes.
This result confirms that the perovskite nanoparticles, which are present
in only low quantity (<0.5 wt%), are dispersed on the TiO2 surface. No
shift was measured in the peaks of the calcined samples confirming high
thermal stability of the crystal structure. The presence of Cs3Bi2I9 was
detected on the UV100–0.5 sample at 2θ equal to 29.6� , 31.5� , 38.7� ,
and 44.9� . In the as-synthesized heterostructures is diffraction peak was
probability hidden by the high intensity of the TiO2 diffraction peak at
3
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Fig. 3. A and B) SEM images for bare perovskite Cs3Bi2I9, C) EDX analysis for bare perovskite Cs3Bi2I9, D) SEM images for composite UV100–0.1 E) EDX analysis for
composite UV100–0.1.

2θ ¼ 25.4� (see Fig. 3).
The optical bandgap of the materials was determined using UV–vis
diffuse reflectance spectroscopy. The optical properties of the
UV100–0.1 and UV100–0.5 composites were characterized by UV–vis
spectroscopy at room temperature and compared with commercial
UV100, used as a reference (Fig. S3). The results exhibit that both the
UV100–0.1 and UV100–0.5 composites show a redshift of the absorp
tion. The absorption edge of the bare UV100 was found to be 400 nm, for
UV100–0.1 and UV100–0.5 composites were about 580 and 630 nm,
respectively. This optical absorption may be responsible for driving the
degradation reaction more efficiently under visible light illumination
[61]. Unlike traditional semiconductors, Cs3Bi2I9 exhibits strong exci
tonic behavior even at room temperature. The excitonic absorption peak

at 2.56 eV (485 nm) is shown in Fig. S3. The peak is usually related to the
strong quantum confinement effect due to the 0D nature of [Bi2I9]3bioctahedra [40]. The calculated bandgap from the Tauc plot of the
absorbance data of Cs3Bi2I9 is reported in Supporting Information.
BET adsorption analysis was performed to detect the specific surface
area of the employed materials. In general, Hombikat UV100 particles
are mainly formed by small homogenous sub-particles highly agglom
erated, and the surface of the particles is full of pores producing a high
specific surface area [62]. On the contrary, the perovskite has a very
small surface area around 5 m2/g which is more than 50 times lower
than TiO2. In the UV100–0.5 sample, containing 0.5 wt% Cs3Bi2I9, the
surface area decreased to 74.4 m2/g. However, while reducing the
content of perovskite to 0.1 wt%, the surface area slightly increased to
4
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Fig. 4. A) XPS survey spectrum of the UV100–0.1 heterostructure B) T 2p, O 1s, Bi 4f, and Cs 3d spectra, respectively.

82.6 m2/g, nearly three times less than the commercial UV100
(284.98 m2/g). The formation of perovskite nanoclusters on the surface
of the composites might result in a decrease in specific BET surface area
of titanium by creating an excessive agglomeration on the surface of the
UV100. Consequently, all the perovskite-based heterostructures pre
sented a significantly smaller surface area respect the pristine TiO2. In
order to observe the morphology of the as-synthesized powders, the SEM
was used. Fig. 3A–C report the SEM images and the EDX analysis of the
as-synthesized inorganic perovskite Cs2Bi3I9. The morphology was likely

to be induced by a slow crystal growth rate since the synthesis was
performed at low temperature (60 � C) and the DMF was slowly evapo
rated. The image clearly shows hexagonal structures in agreement with
the XRD pattern (Fig. S1) (see Fig. 5).
The characteristic SEM images of the as-prepared microcrystals show
particles of various size ranging from 10 to 15 μm (Fig. 3A). While the
smaller particles exhibit irregular crystal shapes, the larger are hexag
onal (Fig. 3B). Energy-dispersive X-ray spectroscopy (EDX) measure
ments were performed to verify the percentage of elements in the
5
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sample, all showing prominent peaks (Fig. 3C) [63]. Fig. 3D–F show
SEM images and EDX analysis for the UV100–0.5 composite with
Cs3Bi2I9 content of 0.5%. In general, Hombikat UV100 nanoparticles
clusters exhibit a narrow range of homogeneous particles in shape and
size. The surface of the particles, usually full of pores, may produce high
specific surface area herein in agreement with the observations made
with BET measurements [64]. Moreover, this marked porosity may
facilitate the implant of functional species [62]. The presence of Cs3Bi2I9
in a composite emerge many insular aggregates and the surfaces of TiO2
become rough as revealed in Fig. 3D. In order to obtain an under
standing of the interfacial interaction between UV100 and halide
perovskite, the heterostructure was characterized by TEM. TEM images
confirmed that the composites exhibit similar morphology of pristine
material, indicating the structure of the singular materials remains un
changed after the solvent treatment. The TEM picture in Fig. 3E shows
different lattice fringes of the as-synthesized halide perovskite on the
UV100, revealing the formation of heterostructure after the as per
formed synthesis. Fig. 3F displayed the EDX analysis of the as synthe
sized composite. These data confirm the coexistence of TiO2 and Cs3Bi2I9
without exhibiting any remarkable contamination by other chemical
species.
X-ray photoelectron spectroscopy (XPS) was performed to confirm
the elemental composition and the valence of the single elements on the
surface of the samples. The specific survey spectrum of the halide
perovskite is discussed in the Supporting Information (Fig. S5). According
to the survey spectrum of the as-synthesized composite, the detected
elements include Ti, Bi, I, Cs, and O (Fig. 6). The silver peak can be
ascribed to the elemental composition of the holder of the instrument.
The carbon peak at 284.9 eV is attributable to the atmospheric carbon,
introduced during the sample preparation and measurement. The XPS
proves the successful preparation of composition between TiO2 and
Cs3Bi2I9. The obtained binding energy peaks confirm the presence of
dominant elements: Ti and O. Fig. 4B show a high-resolution XPS
spectrum of the Ti 2p region. The core level of the binding energy of Ti
2p3/2 and Ti 2p1/2 was found at 458.8 eV and 464.8 eV, respectively. It
must be noted that the peaks of Ti 2p1/2 and Bi 4d3/2 may partially
overlapped. The XPS peak at 465.4 eV can also be assigned to Bi 4d3/2.
The peak located at 530.4 eV is shown in Fig. 4B, indicates the presence
of the main component corresponding to metal oxide bond Ti–O. It may
also be considered the presence of adsorbed OH and CO23 ions which
correspond to 532 eV signal [65]. Since the intensity of the carbon peak
indicated a very small amount of C, the component in the O 1s spectra
were mainly assigned to OH . As expected, the peaks belonging to the
perovskite elements were found to be very weak and noisy because of
the low content in the composite. However, the presence of bismuth,
cesium, and iodine was confirmed as depicted in Fig. 4B. The peak of Bi
located around 160 eV indicates that Bi species exists in the 3þ oxidation
state. Furthermore, the high-resolution XPS spectra of Cs reveals the
binding energy curves of Cs 3d3/2 and Cs 3d5/2 at 738.7 and 724.8 eV,
respectively.
The photocatalytic activity is not only related to the light absorption
capacity of the photocatalyst, but also to its ability to separate the
photogenerated charge carriers and to catalyze the reduction and
oxidation reactions [66]. Thus, it is important not only to evaluate the
structural and optical properties but also the electronic properties of a
semiconductor in order to understand the observed photocatalytic per
formance. The position of Fermi level and flat band potential (Vfb) in the
illuminated semiconductor electrode, relative to the redox potential of
electrolyte, is interesting information that plays a key role in the
application of semiconductor. For an n-doped semiconductor, Vfb lies
close to the conduction band edge. Thus, the band edge energetic po
sition of the conduction band can be estimated from the Vfb value [67].
Capacitance-voltage measurements of films in electrolyte solutions are
frequently used to construct Mott-Schottky plots, from which Vfb of the
semiconductor can be extracted. This method provides a direct mea
surement of the energetic interfacial alignment [68]. Herein, the

Fig. 5. Mott-Schottky plot for UV100–0.1 composite films on FTO.

Mott–Schottky results were conducted to confirm the relationship be
tween the energetic levels at the semiconductor-electrolyte interface and
the observed photocatalytic activity of the Cs3Bi2I9:TiO2 hetero
structures in aqueous oxidation processes. Fig. 5 shows the results ob
tained for the capacitance-voltage measurements. The analysis was
performed employing Cs3Bi2I9:TiO2 film deposited on top of FTO glass,
KNO3 was used as an electrolyte. In general, the extrapolation of the
linear fit of the straight portion of the curve to 1/(C/A)2 ¼ 0 gives an
approximated value of the conduction band position � Vfb. The ener
getic position of the valence band (Evb) can be calculated when the
value of the bandgap energy (Eg) is known:
Evb ¼ Ecb þ Eg

(2)

There are many factors that may affect the Vfb measurements,
including defects induced during the synthetic process. For example, it is
well known that for anatase TiO2 a frequency dependence in the MottSchottky plots may be caused by the inhomogeneity of the donor den
sity near the surface [69]. Such effects might also influence the mea
surements performed for the Cs3Bi2I9:TiO2 heterostructures. Thus, the
obtained Vfb results were considered in a qualitatively rather than
quantitativel manner. The positive slope of the straight line indicates
that the as-synthesized material was an n-type semiconductor. However,
in the case of the as-synthesized heterostructures, it is interesting to note
both the results confirm the feature characteristic of an n-junction,
wherewith three flat band potential values 0.37 V for UV100 [70,71],
0.75 V for the UV100–0.1 heterostructure. The Mott-Schottky plots for
the bare perovskite are presented in Supporting Information. The ener
getic position of the Vfb can be considered similar to the position of the
conduction band; it can be assumed that the electrons of the conduction
band of the heterostructure have higher reductive power respect to the
bare UV100. Thus, the reduction of O2 to O2 � and Hþ to H2 by photo
generated electrons was found to be thermodynamically more favored
for the heterostructure than for the bare UV100, resulting in a higher
photocatalytic activity. Another possible explanation of the results is the
transfer of the excited electrons from one material to the other, resulting
in a decrease of recombination rate.
Moreover, the heterojunction formation should be considered a key
factor to enhance the activity of the material. In semiconductor heter
ojunctions, the transfer direction of the photogenerated charge carriers
depends on the position of the energetic levels (CB and VB). In general,
when TiO2 is coupled with another semiconductor, spatial charge
6
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Fig. 6. Band alignment in the UV100:Cs3Bi2I9 heterostructures.

the CB of Cs3Bi2I9 into the CB of TiO2, while photogenerated holes can be
transferred from the VB of TiO2 into the CB of Cs3Bi2I9. This allows a
more efficient charge separation in the Cs3Bi2I9:TiO2 heterojunction
than in TiO2 or Cs3Bi2I9 alone.
TiO2 and Cs3Bi2I9 form a type II heterojunction allowing a more
efficient charge separation than TiO2 or Cs3Bi2I9 alone. Photogenerated
electrons were transferred into the CB of TiO2 while photogenerated
holes were transferred into the VB of Cs3Bi2I9. In aerobic reaction con
dition the CB electrons might react with O2 to yield O2 � or in anaerobic
reaction condition Hþ to H2, while VB holes might oxidize methanol into
formaldehyde.
Photocurrent measurements under solar simulator, with and without
methanol, were conducted in order to evaluate the relevant properties
and illustrate the enhanced electron transfer in the composites. Fig. 7
shows the current density as a function of time by switching on and off
the light at 20 s intervals. In the absence of methanol, the current density
was found to be extremely small. On the contrary, the current density
increased when methanol was added to the electrolyte. In particular, the
current density rose subsequently when the light was on and then
gradually increased to a steady state. Afterward, the current density
decreased instantly as the light was turned off. The current density on
the composite deposited on FTO was clearly higher during illumination.

Fig. 7. Time-resolved current measurement, UV100–0.1 composite on FTO, in
a presence and absence of MeOH.

separation may occur [72]. In the Cs3Bi2I9:TiO2 heterostructure, the
energetic position of TiO2 and Cs3Bi2I9 are shown in Fig. 6. Due to this
energy band alignment, photogenerated electrons are transferred from

Fig. 8. A) Photocatalytic evolution in PL spectra of methanol oxidation as a function of irradiation time under 365 nm-light irradiation over UV100–0.1, B) Pho
tocatalytic evolution in PL spectra as a function of irradiation time under 455 nm-light irradiation over UV100–0.1.
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Fig. 9. A) Photocatalytic oxidation of MeOH to the HCHO under UV-light irradiation, B) Photocatalytic oxidation of MeOH to the HCHO under visible-light
irradiation.

3.2. Performance of photocatalysis

Table 2
Reaction rates of photocatalytic oxidation MeOH under UV and visible light
irradiation.

3.2.1. MeOH oxidation into formaldehyde
The photocatalytic reforming of methanol into formaldehyde lately
leads to oxidizing to formic acid and finally to CO2 and water [73].
When the semiconductor absorbs a photon with an energy equal to or
higher than its bandgap, the electrons migrate from the valence band
(VB) into the conduction band (CB). This results in the formation of
holes (hþvb) and electrons (e cb) in the VB and CB, respectively. The
photogenerated holes, when do not recombine with e cb, react with
surface hydroxyl groups ( OH) or adsorbed water molecules to produce
hydroxyl (�OH) radicals. Hydroxyl radicals are strong and non-selective
oxidizing agents in photocatalytic reactions [11]. The radicals rapidly
react with surface absorbed methanol that is oxidized primarily into
formaldehyde and then into other species. In addition, the photo
generated e cb can react with electron acceptors, such as O2, dissolved in
the solution or adsorbed on the surface of the semiconductor. The re
action with O2 produce superoxide radical anions (O2�-) or hydrogen
peroxide (H2O2), that may be utilized for the oxidation of methanol
through the intermediate formation of �OH radicals [10]. The photo
catalytic oxidation of methanol into formaldehyde was expressed in
terms of the increase of the intensity of the peaks corresponding to DDL,
as a function of time of irradiation. It has been reported by Nash [56]
that 2 mol of acetylacetone react with 1 mol of formaldehyde to give
1 mol of DDL. The characteristic emission peak of DDL, corresponding at
the formation of formaldehyde, was found to be at 510 nm. The peaks
corresponding to DDL increase in intensity as a function of time of
irradiation indicating the conversion of methanol to formaldehyde,
which was be quantified by calibration.
Previously, two control experiments were performed. Initially, the
effect of light was tested on methanol as a model contaminant. Direct
photolysis of methanol upon UV and visible light was found to be
negligible. Similar results were reported in other studies before [55,73].
A second control experiment was conducted in dark conditions and in
the presence of the composite catalyst (UV100–0.1). Any degradation
was recorded. In general, 30 min of dark absorption was performed
before switch on the light in order to reach adsorption-desorption
equilibrium. The results highlight three main points. First, the
enhancement of peak at 510 nm in both Fig. 8A and B means that
formaldehyde appeared as an oxidation product of methanol. Moreover,
the peaks appeared to increase along time of irradiation. Therefore, the
results confirm the oxidation of methanol into formaldehyde during the
photocatalytic experiments. Finally, Fig. 8A–B are evident that photo
catalysis under UV irradiation shows remarkable higher efficiency
respect to the visible light irradiation.

k (min 1) – 365 nm
R2
k (min 1) – 455 nm
R2

UV100–0.1

UV100–0.5

UV100

1.51
0.99
0.05
0.95

1.72
0.99
0.03
0.98

0.84
0.95
–
–

The reforming of methanol to formaldehyde was performed in water
solution under UV and visible-light irradiation. Fig. 9A and B show the
variation in formaldehyde concentration during light irradiation for the
different photocatalysts under UV and visible-light irradiation, respec
tively. Under UV light irradiation (Fig. 9A), the observed photocatalytic
activity can be primarily attributed to the transition of electrons from
the valence band to the conduction band of TiO2 due to the absorption of
UV radiation having energy higher than the bandgap energy. The pho
tocatalytic activities of the heterostructures UV100–0.1 and UV100–0.5
were found to be relatively higher when compared with the activity
reported for commercial UV100. It must be noticed that after 15 min the
concentration of formaldehyde starts to be constant, this may be asso
ciated to complete conversion of methanol. Moreover, the UV100–0.1
composite showed the best photocatalytic activity under visible light
irradiation respect all the other synthesized composites, as shown in
Fig. 9B. In particular, when the load of perovskite introduced in the
composite was enhanced, the photodegradation was reduced. The
decrease may be associated with the possibility of a different degree of
aggregation according to the amount of the perovskite present in the
composite. Finally, this effect may also be related to the fact that
perovskite may occupy the adsorption site on TiO2 surface by decreasing
the adsorption rate of the reactant.
Moreover, the efficiencies in methanol degradation process of the assynthesized composites were compared using the calculated rate of re
action, as shown in Eq. (1). The results are listed in Table 2. The results
show that the UV100–0.1 and UV100–0.5 heterostructures exhibited
improved photocatalytic activity both under visible and UV-light irra
diation. In this evaluation, the reaction rate was applied in the first
10 min of experiments where the reaction shows a linear behavior. The
degradation appeared to be considerably faster under UV light irradia
tion in comparison with the visible-light irradiation. The UV100–0.5 and
UV100–0.1 composites showed a reaction rate of 50% and 44% higher in
comparison with the bare UV100, respectively. Moreover, the methanol
was almost completely converted within 15 min, under UV-light irra
diation with UV100–0.5 and UV100–0.1 composites. On the contrary,
8
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Fig. 10. Recycling test for UV100–0.1 under UV and visible-light irradiation.

UV100 nanoparticles irradiated under UV-light showed the complete
removal of methanol after 120 min. Since the photon energy is lower
than the bandgap energy of UV100 nanoparticles under 455 nm, visible
light illumination and the transfer of electrons from the valence band to
the conduction band was not expected to occur. In this case, the
perovskite acts as a photosynthesizer, and it can harvest the visible light.
Charge carriers can be photogenerated on perovskite surface under
visible-light illumination as shown in DRS light-absorption measure
ment. In this case, the photocatalytic activity of TiO2 can be extended to
the visible light range when combined with the narrower bandgap.
Moreover, the photocatalytic performance was also expected to be
improved within the heterojunction interface because of the two mate
rials allowed the migration of the charge carriers, which hinter also their
fast recombination. Under visible light irradiation, remarkably superior
efficiency was achieved by the UV100–0.1 respect to all the other pre
pared composites.
In addition, the recyclability test of UV100–0.1 composite has been
evaluated for three times without observing any significant loss in the
efficiency (Fig. 10). The results demonstrate that UV100–0.1 composite
has great potential and good stability and may be considered as new
photocatalytic material to use in water treatment.
In order to ensure the photocatalytic stability of the as prepared
nanocomposite, the XRD patterns before and after reaction were

Fig. 11. XRD patterns of the as synthesized composite before and after treat
ment and the bare UV100 as reference.

Fig. 12. Fluorescence spectral changes with UV and visible-light irradiation time in a solution of terephthalic acid with UV100–0.1 under UV and visible light.
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recorded. Fig. 11 displays the patterns for the as-prepared composite,
before and after treatment; the pattern of pristine UV100 is also shown
as a reference. As visible from the figure, the XRD peaks after photo
catalytic reaction are similar to that before reaction. It indicates that the
structure of the as-prepared material does not change during the pho
tocatalytic process, and the stability of photocatalytic activity is
depended on the stability of the structure.
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3.2.2. Formation of hTa: �OH evaluation
As already mentioned, �OH plays an important role in the organic
pollutants abatements in wastewater treatments. In aqueous solutions,
the direct measurement of �OH is highly difficult due to its low con
centration and short lifetime. Terephthalic acid (TA) has proven to be
suitable for the �OH quantification [74–76]. The fluorescence method
analyses carried out to detect the 2-hydroxyterephthalic acid (hTA) As
an oxidation product of TA. TA was found to be more stable with respect
to other probes used such as benzene, nitrobenzene [57]. The formation
of hydroxyl radicals �OH under irradiation was detected by the
fluorescence-technique using terephthalic acid as a fluorescence probe
molecule (Fig. 12). The gradual increase in the PL intensity was
observed at about 425 nm, which indicates the formation of 2-hydroxy
terephthalic acid produced by a chemical reaction between TA and �OH
formed during irradiation of the photocatalytic process.
4. Conclusions
In summary, the heterostructure Cs3Bi2I9:TiO2 composites were
successfully synthesized via a simple wet-chemical method and applied
for the photocatalytic decomposition of methanol. Under UV and
visible-light illumination, the composites, especially UV100–0.1 and
UV100–0.5 were found to have a higher photocatalytic activity than
pure Hombikat UV100 TiO2. According to the optical measurements and
the electrochemical studies, the heterostructures benefit not only of an
extended light-harvesting in the visible light region but also of increased
charge separation. The increased photocatalytic activity under UV light
irradiation may be ascribed to the simultaneous contribution of the
perovskite and UV-100, acting as light-absorbing heterojunction. On the
other hand, the activity under visible light irradiation can be mainly
addressed to perovskite material which as like redox mediator.
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Recently lead-free halide perovskite have shown great performances, especially in solar cell applications. On the
other hand, graphitic carbon nitride g-C3N4 materials have been rising interest thanks to the tunable electronic
structure and excellent physicochemical stability, which could serve as an excellent candidate for photocatalytic
applications. In our research, we tried to overcome the low charge transportation eﬃciency and chemical instability anchoring a cesium/bismuth-based perovskite on g-C3N4 nanosheets to prepare composite photocatalyst
based on nitrogen-iodine chemical bonding. Among diﬀerent lead-free halide perovskite loads, the CNCSBI001
composite (g-C3N4:Cs3Bi2I9 10:0.1 w%) showed the better stability and an outstanding yield for photocatalytic
degradation of organic compound in water solution under visible light irradiation. Hydrogen evolution test were
also perform to test the activity of the synthesized compound under simulated solar light irradiation. The former
study aim to provide insights on the use of halide perovskite-based Z-scheme photocatalyst for diﬀerent photocatalytic applications.

1. Introduction
In the last centuries, the rapid development of urbanization and
industrialization have led to two signiﬁcant issues: an increase of global
energy demand and a remarkable release of toxic and harmful chemical
pollutants into the environment. To date, scientist have put enormous
eﬀorts to advance in sustainable and clean energy technologies to solve
the aforementioned crises [1–5].
Among diﬀerent technologies, photocatalytic processes over semiconductor surfaces have attracted particular attention in recent years as
potentially eﬃcient, environmentally friendly and low cost methods for
environment remediation [6–9] as well as for renewable hydrogen
production [8,10–12].
Light can be considered an ideal reagent for ‘green’ chemical processes due to its non-toxicity, it does not produce any waste, and it can
be obtained from renewable sources. For this reason solar energy has
attracted much interest because it is the most abundant and clean

source of energy, thus built artiﬁcial photosynthetic systems able to
convert solar energy into chemical energy may be desirable.
Recently, graphitic carbon nitride (g-C3N4) has been worldwide
labelled as a suitable candidate to be investigated as a potential nextgeneration materials for sustainable energy conversion and catalyst
applications [13–15]. Among the advantageous properties of the g-C3N4
nanostructures one can mention: the high surface area, the quantum
eﬃciency, the separation and transport of the interfacial charge and the
ease of modiﬁcation through the formation of composites or the incorporation of surface functional groups [16]. Considering these outstanding features, there is a remarkable scientiﬁc eﬀort seeking to
couple it with other semiconductors to fabricate nanocomposites with
excellent photocatalytic performance toward environmental remediation by improving charge carrier separation and transportation,
prolonging the charge carrier lifetime, enlarging speciﬁc surface area
and enhancing adsorption sites.
Recently, halide perovskite materials have attracted remarkable
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interest in particular in photovoltaics and optoelectronic applications
due to their unique eﬃciency. Some of the remarkable properties that
make these materials promising candidates for photocatalytic applications are large absorption coeﬃcients due to the favourable band gap,
point defects, grain boundary and long electron–hole diﬀusion length
that reduced electron-hole pair recombination [17]. Moreover, the
synthesis of these materials is easily reproducible and low cost. In the
past, lead halide perovskite showed the better eﬃciency as harvester of
solar energy [18–23]. Unfortunately, this material showed instability
especially in high humidity, the possible leaching of Pb2+ as bioavailable cation, make the lead-based material toxic and unsuitable especially for wastewater treatment. On contrary, bismuth-based perovskites promise good moisture and water stability [18,24–26].
In recent years, lead based halide perovskite/carbon based-materials such as graphene oxide or g-C3N4 composites were found to be
particularly active for photocatalytic CO2 reduction [23,27]. Built up
composite photocatalysts by anchoring semiconductor-materials on gC3N4 is based on some important considerations. The band alignment
between the interfaces of materials can facilitate charge separation and
transportation [28,29]. Secondly, g-C3N4 surface functionalization may
enhance the interaction of particles with other materials. Thus, amino
or carboxyl groups can perform strong chemical interactions stronger
than physical adsorption. Moreover, the halide perovskite particles
passivated by the graphitic carbon nitride surface is expected to be
more stable in photoreaction [30,31]. This can be address to overcome
instability towards water that is a challenge for common practical applications of halide perovskites.
So far, for fabrication of eﬃcient modiﬁed photocatalysts, diﬀerent
strategies have been employed, especially, they have been addressed to
increase the visible-light activity. Among them, much eﬀorts have been
spent in heterojunction construction and coupling synthesis of bismuth
based nano-materials, but their potential has still to be thoroughly explored. Even though major advancements have been made to improve
photocatalytic activity of Bi-based photocatalysts more eﬀorts are still
necessary [32].
In our work, we investigate a new potential composite photocatalyst
g-C3N4:Cs3Bi2I9 for photocatalytic applications under visible light irradiation. Herein, we report a facile self-assembly synthesis of a gC3N4:Cs3Bi2I9 Heterogeneous photocatalyst through their electrostatic
interactions that facilitate the spontaneous assembly of the two charged
components.
To the best of our knowledge, this is the ﬁrst time that a gC3N4:Cs3Bi2I9 hybrid structure is prepared and tested in photocatalytic
application under visible light irradiation.

Table 1
g-C3N4 synthesis yield.
Precursor

temperature °C/time h

name

yield wﬁnal/winitial (%)

Urea
Melamine
Dicyanamide

550 / 4
550 / 4
550 / 4

U/g-C3N4
M/g-C3N4
D/g-C3N4

9.2
54.6
52.6

molecules were largely removed.

2.0.3. Preparation of g-C3N4
The g-C3N4 was synthesized according to previous reports [33,34].
In general, g-C3N4 can be readily fabricated through a traditional
thermal condensation. Diﬀerent low-cost N-rich organic solid precursors can be used, such as urea, thiourea, melamine, dicyandiamide
or cyanamide at 500–600◦C in air or inert atmosphere. Herein, g-C3N4
was prepared by heating directly in ceramic crucible. Brieﬂy, the precursor was calcined for 2 h at 550 °C in a covered ceramic crucible. The
U/ g-C3N4, M/ g-C3N4 and D/ g-C3N4 were prepared as reported with
urea, melamine or dicyanamide as precursors, respectively. All the
yellow products were weighted before and after to measure the
synthesis yield (Table 1).
The yields were evaluated to compare the eﬃciencies of the
synthesis as optimization parameter. Thus, melamine was selected as
precursor due to its higher synthesis yield.

2.0.4. Preparation of Cs3Bi2I9:g-C3N4
Approximately 10 g of g-C3N4 powder were dispersed in an appropriate amount of hexane and ultra-sonicated for 15 min. Then, a certain
percentage of Cs3Bi2I9 was added to the suspension and ultra-sonicated
for 30 min. Finally, the composites were obtained after centrifugation at
6000 rpm for 5 min followed by drying at 40 °C. The weight percentage
of Cs3Bi2I9 with respect to g-C3N4 was either 1 or 10 wt%, the corresponding sample is denoted as CNCSBI001 or CNCSBI01, respectively.
The scheme of synthesis is shown in Fig. 1.

3. Characterization of the photocatalyst
3.1. Structural characterization
Diﬀuse reﬂectance spectra were recorded using a Cary 4000 spectrophotometer (Varian). XRD spectra of samples were collected using a
PANalytical θ/θ diﬀractometer (CuKα radiation; 40 kV and 40 mA). The
transmission IR spectra of the samples in KBr pellets are recorded on a
Perkin-Elmer Spectrum 100 FTIR spectrophotometer in the region
400–4000 cm−1. Environmental scanning electron microscopy measurements were performed on Philips XL, 30-XRF-EDS embedded.
Transmission electron microscopy analysis were performed with
TECNAI FEI G2 microscope.

2. Materials and methods
2.0.1. Materials
All chemicals including dicyandiamide (99%), melamine (99%),
Urea (> 99.5%), CsI (99.999%), BiI3 (99%), N,N-dimethylformamide
(DMF, anhydrous, 99.8%) were purchased from Sigma-Aldrich and
used without further puriﬁcation. Deionized water was used during the
preparation.
2.0.2. Preparation of Cs3Bi2I9
The synthesis method of Cs3Bi2I9 is consistent with previous report
[25]. Brieﬂy, BiI3 and CsI were mixed (2:3 M ration) into a round
bottom ﬂask in DMF. The mixture was heated at 60 °C under magnetic
stirring to the total evaporation of the solvent. Subsequently, the solid
was washed three times with diethyl ether and water, dried to remove
the residue of DMF. A shining red powder was obtained and kept in
dark for further use. The elemental analysis of the dried sample indicated that very low C and N contents (2.1 wt% and 1.6 wt% respectively) were remaining in the ﬁnal sample, implying that solvent

Fig. 1. Schematic illustration for the synthesis of the photocatalyst.
2
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3.1.1. Photoelectrochemical measurements
The electrochemical and photoelectrochemical measurements were
performed using a Zennium potentiostat and a PECC-2 photoelectrochemical cell (Zahner-Elektrik GmbH & Co. KG). The standard threecompartment cell used consisted of the working electrode, a Pt wire
counter electrode and an Ag/AgCl reference electrode. 0.1 M Na2SO4
was used as electrolyte solution at pH 7. The working electrode was
prepared using doctor blade technique, annealed at 400 °C for 2 h in
order to remove organic chemicals. Mott–Schottky measurements were
performed at a frequency of 100 Hz and 5 mV of amplitude. During the
polarization measurements the illumination source was chopped on and
oﬀ with a frequency of 250 mHz. The light source was a solar simulator
with a 300 W, 678 Wm−2 Xenon lamp (LOT-Quantum Design GmbH)
and an AM-1.5 G ﬁlter. IPCE, Incident photon to current conversion
eﬃciency measurements, were carried out using a white LED (TLS,
Zahner) coupled with a USB controlled monochromator in a wavelength range of 430–730 nm.

Fig. 2. Irradiance spectrum of the Xe lamp employed in the H2 evolution
measurements.

4. Photocatalytic application tests

transferred into a closed reactor and placed under UV-light for 12 h
with continuous stirring. The suspension was washed several times with
water and subsequently with ethanol to remove non-deposited Pt. The
sample was ﬁnally dried in an oven for 12 h at 90 °C.
In a typical experimental run, 6 mg of the photocatalyst were added
into 6 mL of MeOH solution (10 vol%) used as a hole scavenger in a
reactor of 12 mL. The suspension inside the photoreactor was degassed
for 15 min with Ar to remove air, stirred for 30 min in the dark.
Afterwards, the photoreactor was kept under 450 W Xe lamp equipped
with a water-ﬁlter and aWG320-ﬁlter to block UV-B and UV-C. Samples
were withdrawn at intervals of one hour. The spectral irradiance
measured by a SprectraRad (BWTEK) irradiance meter is shown in
Fig. 2. The increasing hydrogen content was measured hourly by using
a gas chromatograph (Shimadzu 8A, Kyoto, Japan) equipped with a
TCD detector and a 5 Å molecular sieve packed column. Along the experiments, Ar was used as the carrier gas.

4.1. Aqueous phase organic contaminant degradation
Initially, visible-light photocatalytic eﬃciency was investigated and
compared on the treatment of some well known organic contaminants:
Rhodamin B (RhB), Methylene Blue (MB), Methyl Orange (MO), and a
mix of organic dyes simultaneously (MB and MO). In general, 0.5 g/L of
the photocatalyst was suspended in 100 mL of aqueous solution containing diﬀerent amount of organic contaminant. The suspension was
maintained in dark condition for 60 min in order to reach the adsorption–desorption equilibrium. Afterwards, the suspension was irradiated using a LED-visible light lamp (A passively cooled VisiLight
LED3 was used. The lamp assure environmentally friendly LED technology with ﬂicker free illumination, 36 W power consumption, 730 lm
luminous intensity). During the photocatalytic tests, 3 mL of the sample
was taken at given time intervals and ﬁltered to separate the catalyst
(0.2 µm). The degradation results were monitored using a UV/vis
spectrometer (Lambda 25, Perkin Elemer). As well known, dyes absorb
visible-light photons (dye sensitization), thus photoexcited electrons
may be injected into photocatalyst particles enhancing the photocatalytic activity. For further testing the photocatalytic activity of the as
synthesized composite, methanol (MeOH) oxidation was evaluated. In a
typical experiment, 1 g/L of catalyst was added in 75 mL of MeOH
aqueous solution (100 mM). The suspension was stirred in the dark for
30 min to reach the adsorption–desorption equilibrium. During the
photocatalytic tests, performed under LED visible-lamp irradiation
(M455L3-455 nm, ThorLABS), 0.5 mL of the sample were taken at given
time intervals and separated by ﬁltration (0.2 µm) to remove the catalyst. The degradation of methanol was evaluated using the Hantzsch
reaction with subsequent ﬂuorescence analysis to quantify the amount
of formaldehyde produced in an aqueous solution. This method, known
as the Nash method, is widely used to determine formaldehyde concentrations. In brief, formaldehyde condenses with acetylacetone in the
presence of an ammonium acetate as buﬀer, according to the Hantzsch
reaction, to form 3,5-diacetyl-1,4-dihydrolutidin (DDL). The former
compound is ﬂuorescence active and shows a band at 510 nm when
excited at 405 nm. The ﬂuorescence of DDL was measured in a well
plate (Nunclon Delta Surface, Thermo Fisher Scientiﬁc Inc., USA)
sample holder using a UV–visible spectrophotometer, 100 Bio, Cary.

5. Results and discussion
5.1. Catalyst characterization
Transmission electron microscope (TEM) and environmental scanning electron microscope (ESEM) images conﬁrmed the successful
synthesis of the composite photocatalysts and they are presented in
Fig. 3.
To obtain an understanding of the interfacial interaction between gC3N4 and halide perovskite, the material was characterized by TEM.
The layered structure of g-C3N4 and the hexagonal structure type of
Cs3Bi2I9 were both conﬁrmed. The Cs3Bi2I9 particles of 45–50 nm in
average size have relatively smooth surfaces which become rougher
after the anchoring to the g-C2N4 sheets (Fig. 3 A1-A3). The TEM picture of Fig. 3 A1-A3 show diﬀerent lattice fringes of the as synthesized
halide perovskite and the g-C2N4 sheet, revealing the formation of the
composite after the as performed synthesis. Moreover, TEM images
conﬁrmed that the composites exhibit similar morphology with that of
bare g-C3N4 nanosheets, indicating the structure of g-C3N4 remains
unchanged after the solvent treatment.
The ESEM images (Fig. 3B) reveal some important information.
First, they conﬁrm the presence of the two material, the lighter particles
with higher molecular weights (Cs3Bi2I9) and lower (g-C2N4) in darker
colors. The photographs of g-C3N4 and the as prepared material are
shown in Fig. 3C. It can be seen that the color of original g-C3N4 is light
yellow. However, after compositition with the Cs3Bi2I9 perovskite, the
as-prepared CNCSBI001 to CNCSBI01 samples turn purple. This is
consistent with the success of the synthesis.
EDS analysis conﬁrm the nature of the darker material, mainly
composed by C and N, as g-C2N4. On the contrary, by the punctual

4.1.1. Hydrogen evolution
The prepared photocatalyst with Platinum deposit was used to
conduct molecular hydrogen evolution photocatalysis under UV light
irradiation (355 nm). The photo-deposition technique was applied to
deposit 1 wt% platinum (Pt) on the samples. Hexachloroplatinic acid
(H2PtCl6 6H2O) was used as the Pt precursor, methanol was used as a
reducing agent (10 vol/vol. % in water). The suspension was
3
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Fig. 3. A1) TEM image of g-C3N4, A2) CNCSBI001 and A3) CNCSBI01; B1) ESEM images of g-C3N4, B2) CNCSBI001 and B3) CNCSBI01; C) photograph of g-C3N4,
CNCSBI001 and CNCSBI01; D1) EDS analysis CNCSBI001; D2) EDS analysis g-C3N4.

analysis on lighter spots the presence of the Cs3Bi2I9 was established.
The elemental analysis are reported for the two material in Fig. 3 D1
and D2, g-C3N4 and Cs3Bi2I9, respectively. Secondly, the images clearly
show the diﬀerence in between CNCSBI001 (Fig. 3 B1) and CNCSBI01
(Fig. 3 B2) in term of halide perovskite content, 1 and 10%, respectively.
XRD measurements reveal the detailed information on the purity
and crystallinity of the samples. Fig. 4 shows the XRD patterns of the gC3N4, Cs3Bi2I9 and the composites in diﬀerent molar ratios. All the
samples were found to be well crystallized. The peaks of g-C3N4 could
be well indexed to reference (JCPDS 87-1526) [35]. Two distinct diffraction peaks at 12.99 and 27.80 and can be assigned to the corresponding (100) and (002) diﬀraction planes of the graphitic carbon
nitride. The XRD pattern of Cs3Bi2I9 shows that all the peaks are well
indexed to the orthorhombic hexagonal crystallographic phase with
space group P63/mmc (194) and good crystallinity [25,36]. Moreover,
Fig. 4 shows that diﬀraction peaks of both the halide perovskite and
graphitic carbon nitride can be clearly identiﬁed in the heterojunctionbased photocatalysts and the peak intensities of halide perovskite increase according to its content, 1 and 10%, respectively. The narrow
sharp peaks suggest that the products are well crystallized. No impurity
peaks were observed, which implies that the two materials were in pure
phases in the composites.
Fig. 5A displays the FTIR spectra of the as synthesized materials in
order to investigate their chemical bonding and understand the nature

Fig. 4. XRD patterns of g-C3N4, CNCsBi001, CNCsBi01 and Cs3Bi2I9.

of interaction between the two materials. The characteristic vibration
peak of the pure graphitic carbon nitride appears at 808, 1245, 1322,
1574, and 1633 cm−1. The peak at 808 cm−1 can be assigned to the
triazine units, while those from 1245 to 1574 cm−1 the stretching vibration of CeN heterocycles. The peaks at 1322 cm−1 and 1633 cm−1
4
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Fig. 5. A) FTIR spectra of g-C3N4, CNCsBi001, CNCsBi01 and Cs3Bi2I9; B) Zoom on speciﬁc regions of FTIR spectra of g-C3N4, CNCsBi001, CNCsBi01.

shift and a shoulder on the adsorption edge that means an increase in
absorption in the visible region. The g-C3N4 and Cs3Bi2I9 absorption
edge can be clearly noticed in CNCSBI01. As expected, a signiﬁcant
increase light absorption intensity in the visible light can be related to
the presence of the lead-free halide perovskite, Cs3Bi2I9. The band gap
was determined by the following equation:

deﬁne the stretching mode of CeN and C]N bonds, respectively. The
absorption band ranges between 3000 and 3500 cm−1 shows the presence of chemical groups such as NHx and OH. The absorption intensity
in this range is slightly reduced when the perovskite was added to the
system due to the substitutional chemical bonds between the two materials. All the FTIR spectra exhibit the characteristic peaks of g-C3N4
meaning that no impurity or solvent residue absorption peaks were
detected. Moreover, a zoom of the FTIR spectra from 1150 cm−1 to
1330 cm−1 shows systematically shifted of values with the introducing
of lead-free perovskite in the graphitic carbon nitride framework
(Fig. 5B). The absorption band ranges between 1000 cm−1 and
1300 cm−1 can be assigned to the aromatic plane CeH bending
[37,38]. Furthermore, the ranges between 1400 cm−1 and 1600 cm−1
belong to C]C and CeC bond from aromatic rings [39,40]. This can be
due to the chemical interactions between Cs3Bi2I9 and the surface of gC3N4 that increase the electron density of aromatic heterocycles. This
can be considered an indication of bonding between the surface functional groups of the graphitic carbon nitride and the lead-free halide
perovskite.
In order to understand the inﬂuence of Cs3Bi2I9 perovskite nanoparticles on the surface of g-C3N4 nanosheets and to investigate the
eﬀect of the photocatalytic activity of the heterojunction, the BET
surface area of bare g-C3N4 and the heterojunctions have been investigated. The BET surface area of the as synthesized materials are
6.30, 15.06 and 17.61 m2g−1 for g-C3N4, CNCSBI001 and CNCSBI01,
respectively. The surface area measured for the bare Cs3Bi2I9 was found
to be 10 times lower. However, upon coupling of g-C3N4 nanosheets
with the lead-free halide perovskite, the BET surface area of the resulting composites was enhanced. It can be assumed that, the increase
in surface area may be induced by the exfoliation of g-C3N4 in presence
of perovskite material and during the ultrasonication process adopted
in the synthesis. Thus, the high surface area of the photocatalysts
synthesized can provide more reaction sites for the adsorption and
degradation of pollutant molecules resulting in the enhancement of
photocatalytic ability [41].
Two important parameters of the electronic structure that may affect the photocatalytic activity of semiconductors are the band gap that
determine the photons absorption capacity and the ﬂat band potential
that aﬀects the recombination probability. For the sake of understanding the mechanism of the electrocatalytic enhancement of the as
synthesized heterojunctions DRS and Mott-Schottky measurements
were conducted.
Fig. 6A shows the absorption spectra of the as synthesized materials
in the range of 350–800 nm. The results for the bare g-C3N4 exhibited
an absorption edge around 470 nm. The pure Cs3Bi2I9 has a higher light
absorption capacity in the visible region with a band edge around
600 nm. Compared to the pure g-C3N4, all the composites exhibit a red

αhν = A (hν − Eg )n/2
where α is the optical absorption coeﬃcient, h is the Plank constant, ν is
the light frequency, Eg is the band gap, and A is a constant. Both g-C3N4
and Cs3Bi2I9 possess indirect transition band gaps [25,42,43], thus n is
assigned accordingly. By extrapolating the straight line to the x-axis in
this plot, the Eg of g-C3N4 and Cs3Bi2I9 were estimated to be about
2.68 eV and 1.88 eV (as shown in Fig. 6B), respectively. The two material edges are clearly observed in the measurement performed on
CNCSBI001 and CNCSBI01. It is important to mention that in general,
the total absorption of the composite can be linked to an increases in
the production of electron–hole pairs, resulting in a higher photocatalytic activity.
It is well known that semiconductors with unique band gap structure may have photoelectric properties that could convert light energy
electricity. Fig. 7A shows the Mott-Schottky plots for the as synthesized
materials. The measured area of the electrode is 1.0 cm2. As expected,
all of the plots show a positive slope, meaning that all of the materialbased electrodes were n-type semiconductors with electrons as the
majority carriers. The intersection points of the potential and linear
potential curves give the value of the ﬂat band potential (Vfb), which
are approximately −1.21 V, −1.61 V and −1.79 V versus Ag/AgCl for
the graphitic carbon nitride, the heterojunctions and the bare perovskite, respectively. From the results it is theoretically expected that
the as prepared heterojunctions may has a relatively stronger reduction
ability, due to the negative shift of Vfb.
In order to investigate the photoactivity of the samples as a function
of wavelength, IPCE (%) measurements were performed under illumination by an AM 1.5 G solar simulator. The results are shown in Fig. 7B.
Compared with a negligible IPCE obtained for the pure g-C3N4, a remarkably increased IPCE was observed for all the materials, with a
maximum of 28% around 330 nm for CNCSBI01. On the basis of these
ﬁndings, increased light absorption may not be the only reason for the
improved IPCE, and the contribution of heterojunction eﬀect needs also
to be considered.
Fig. 7C shows the measured polarization curves of the as synthesized samples under chopped light illumination: g-C3N4 (red),
CNCSBI01 (purple), CNCSBI001 (blue) and Cs3Bi2I9 (grey). All the
materials show anodic photocurrent, revealing an n-type response. In
all cases, the photocurrent increases with the applied potential. The
photoresponse of the samples increases with the content of lead-free
5

Separation and Purification Technology 251 (2020) 117320

B.-M. Bresolin, et al.

Fig. 6. UV–vis absorption spectra of Cs3Bi2I9, CNCSBI001, CNCSBI01 and g-C3N4.

the bare g-C3N4, thus the photocurrent response is higher. The reason
for the more eﬃcient charge transport could be the electron–phonon
interaction of the two connected materials. The junction between two
material can lead to an increase in charge mobility.

halide perovskite. Thus, it is reasonable to conclude that the enhancement of photocurrent measured can be mainly attributed to the presence of perovskite.
The improved charge carrier separation in the photocatalyst was
investigated by EIS measurements conﬁrming the eﬀect on the kinetics
of interfacial charge transfer between the two materials. The Nyquist
plot the smaller arc radius corresponds to a lower charge transfer resistance, thus a better transfer capability. As shown in In Fig. 7D, the
Nyquist plots of the as synthesized heterojunctions CNCSBI001 and
CNCSBI01 shown smaller arc radius. A lower value of resistance leads
to higher eﬃciency in charge transfer across the electrode/electrolyte
interface. In these cases the charge recombination is reduced respect

5.2. Performance of photocatalysis
Photocatalytic performance of the as synthesized materials were
tested in comparison with the pure precursors, respectively Cs3Bi2I9 and
g-C3N4. The photocatalytic activities of g-C3N4/Cs3Bi2I9 were measured
by the degradation of diﬀerent organic dyes in water solution under
LED-visible light irradiation. Initially, the comparative photocatalytic

Fig. 7. A) Mott-Schottky analysis based on capacitance–voltage measurements for the samples. B) Incident photons to current eﬃciency for photoanodes recorded at
a bias of 1.23 V vs. RHE for g-C3N4, CNCSBI001, CNCSBI01, Cs3Bi2I9. C) Polarization curves for g-C3N4, CNCSBI001, CNCSBI01, Cs3Bi2I9 measured under 250 mHz
chopped light illumination (under illumination by an AM 1.5 G solar simulator). D) Nyquist plots for g-C3N4, CNCSBI001, CNCSBI01, Cs3Bi2I9.
6
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Fig. 8. A) Comparison of RhB photodegradation by g-C3N4, CNCSBI001, CNCSBI01 and Cs3Bi2I9; B-C) Photodegradation of MB, and MO by CNCSBI001 under LEDvisible light irradiation, respectively; D) Simultaneous photodegradation of MO and MB over CNCSBI001.

photocatalyst under LED-visible light irradiation. The ﬁgures show a
total degradation of MB in 180 min and a partial degradation of MO in
300 min. A higher eﬃciency in MB degradation can be correlated with
the type of available catalytic sites and the binding aﬃnity of the
substrates towards the selected organic dye. The results conﬁrmed the
photocatalytic ability of the material on the degradation of diﬀerent
types of organic dyes under visible-light irradiation. Finally, a mixture
of dyes was used to investigate the photocatalytic eﬃciency of the as
synthesized photocatalyst in complex systems. The maximum absorbance values of the chosen organic dyes do not change upon their
mixing, allowing the simultaneous detection of the two contaminants
[47,48]. Fig. 8D shows time-dependent photocatalytic degradation of
MB (10 mgL−1) and MO (5 mgL−1) mixed in water solution. From the
results, it was concluded that the mixture of the two organic dyes can be
degraded eﬀectively using the as synthesized material under visiblelight irradiation in presence. The as described investigation was performed because the real dyes originating from various industries

performance of the as synthesized materials was tested on RhB as
probe-dye as a function of irradiation time. In Fig. 8A can be clearly
seen that the CNCSBI001 has the higher eﬃciency respect the other
materials, reaching about 100% of degradation after 120 min of visiblelight irradiation. The adsorption ability of the as prepared photocatalysts in dark experiments was also investigated. In all cases, it is
clearly noted a remarkable enhance of the oxidation rate of the target
pollutant as the light was switch on. Initial adsorption experiments
conducted in dark for 30 min demonstrated the adsorption on the surface of the material is minimal and could be neglected under irradiation
conditions. When a higher amount of perovskite was loaded, the lower
RhB degradation rate can be ascribed to charge recombination at the
excessive defect sites on the surface of material taht not coordinated to
g-C3N4. The eﬃciency of photocatalytic activity of the photocatalyst
was observed for a wide range of pollutants. Fig. 8B and C shows timedependent photocatalytic degradation of MB (10 mgL−1), and MO (30
mgL−1), respectively, using a load of 1 gL−1 of the as prepared
7
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degradation eﬃciency of the probe dye remarkably decreases. Thus,
based on the previous results, it is clear that %O2− is the major reactive
specie involved in the photocatalytic reaction system irradiated by LED
visible-light. By considering the intrinsic and nonselective character of
reactive oxygen radicals we attributed the cleavage of the RhB chromophore structure to attack of the dye, or its radical cations, by superoxide radicals. A possible photoreaction mechanism is summarized
in Fig. 9B. According to previous study, N-deethylation process of RhB
can be mainly induced by the produced superoxide radicals in the leadfree based photocatalytic system [54–56].
In order to investigate the photocatalytic eﬃciency of the as prepared materials, the formaldehyde concentration during the methanol
oxidation was evaluated. The associated ﬂuorescence spectra of the
formed DDL are presented in Fig. 10A1. The measurement shows a
continuous increase of formaldehyde concentration with reaction time.
The longer irradiation time leads to a higher amount of formaldehyde
in the bulk suspension. Fig. 10A2 shows the eﬃciency achieved after
4 h of irradiation with three diﬀerent lamp: solar simulator, LED
406 nm and LED 455 nm. The maximum eﬃciency was achieved under
solar light simulation irradiation due to the wide spectrum of light and
higher intensity of the lamp. As previously reported for the organic dyes
degradation (R1-R6), free radicals have been considered for their high
oxidative capacity as main factors of methanol oxidation. In particular,
the photogenerated free radicals are capable of oxidizing methanol by
H-atom abstraction (R7). The resulted hydroxymethyl radicals can be
further oxidized by the presence of oxygen and they can form formaldehyde (R8) [57].

typically consist of mixture of contaminants along with interfering
substances.
A suitable band structure is the key consideration in choosing
coupled semiconductors for constructing eﬀective photocatalysts. Based
on the previous results the conﬁguration of valence and conduction
bands are presented in Fig. 8E-F. In the composite, the CB position of
lead-free perovskite is more negative than that of the carbon-based
material, and the graphitic carbon nitride VB has a more negative position. Two types photocatalytic contribution have been considered. If
conventional II heterojunction system is considered, it may eﬀectively
separate photogenerated electron–hole pairs due to the staggered band
structures of the component semiconductors, providing the higher activity respect the bare g-C3N4 Fig. 8E. As an alternative a Z-scheme
could be established where the electrons from the CB of g-C3N4 combine with the holes from the VB of Cs3Bi2I9, acting like scavengers
Fig. 8F. The former double-charge transfer mechanism favors the
charge separation, decreasing the potential energy of electrons and
holes [44]. This conﬁguration leads to a great reduction in charges
recombination in the composite photocatalyst with the respect to the
bare components, as shown in the photocurrent and charge-transfer
resistance measurements (Fig. 7C-D). This mechanism is expected to
lead to a higher photocatalitic activity [45,46] Fig. 8E.
A possible pathway of photocatalytic degradation of the organic
dyes was proposed. As well known, in a typical photocatalytic process,
charge carriers (electrons and holes) can be generated under light illumination (R1). When electrons and holes are separated, they can
react with the hydroxyl ions and dissolved oxygen to produce hydroxyl
free radicals and superoxide free radicals, as respectively reported in
equations R(2) and R(3). The superoxide radicals may further react
with protons and produce H2O2 (R4). This reaction can be considered a
secondary source for the formation of hydroxyl radicals (R5). The free
radicals have a high oxidative capacity, thus and are capable of oxidizing organic compound such as RhB, MB and MO to the complete
mineralization with the only release of CO2 and H2O (R6). The system
of equations is summarized as follows:
Photogeneration of charge carriers
hν

CNCSBI001 → hvb+ + ecb−

6. Methanol oxidation to formaldehyde

OH + CH3 OH → H2 O + %CH2 OH
%

%

O2− + %O2− + 2H+ → O2 + H2O2

H2O2 + ecb− → %OH + OH−

(R1)

(R2)
(R3)
(R4)

Mineralization of RhB
RhB + hvb+ → CO2 + H2O

CH2 OH + O2 → O2 CH2 OH → HCHO +

(R7)
%

O2−

+H

+

(R8)

The eﬃciency of the as synthesized material was further investigated for photochemical hydrogen production under solar light
irradiation. The photocatalytic hydrogen evolution of the platinized
CNCSBI001 was evaluated in methanol:water solution. Under the
former conditions, methanol reacts as holes scavenger and the electrons
can be transferred to water and produce molecular hydrogen. The experiment was performed up to 6 h of irradiation and samples were
withdraw every hour and the amount of evolved hydrogen was measured by gas chromatography at various (Fig. 10B1). As clearly depicted in the ﬁgure, continuous hydrogen production occurs from the
beginning of the irradiation period.
Fig. 10B2 shows the comparison between pure g-C3N4 and the as
prepared photocatalyst. The pure g-C3N4 sample shows solar-light
photocatalytic activity with H2 evolution reaction (HER)
496.85 µmol g−1 h−1, attributable to the moderate bandgap and particular electronic structure of g-C3N4. After addition with metal halide
perovskite, the photocatalytic activity of CNCSBI001 sample was improved of about 46% with a HER of about 920.76 µmol g−1 h−1. The
enhancement of photocatalytic activity was attributed to the improvement of the light absorption and electro-chemical properties of the new
designed material.
The consumption of MeOH, as a sacriﬁcial agent, was conﬁrmed by
the detection of formaldehyde and a possible mechanism was proposed
in the inset of the ﬁgure. Finally, in same condition, the hydrogen
evolution was further conﬁrmed under visible light irradiation LED
455 nm Fig. 10B3 over 4 h of illumination. The obtained results conﬁrm
the potential of the as prepared material in diﬀerent photocatalytic
applications.

Formation of oxidative species
ecb− + O2 → %O2−

%

(R5)

Previously, it has been reported that the %O2−, h+, and %OH are in
general the major reactive species in photocatalytic oxidation treatments. In order to investigate the mechanism beyond the photocatalytic
RhB degradation of the photocatalyst, diﬀerent scavengers are used to
explore the reactive species involved in the process. When the scavengers are added in the reaction solution they are able to selectively
remove one of the reactive species. Therefore, based on the change in
the photocatalytic eﬃciency it is possible to determine the active species in the photocatalytic treatment. It is well known that the ammonium oxalate (AO) can be added to remove hole (h+), iso-propanol
(IPA) can be employed to impair the hydroxyl radical (%OH), while pbenzoquinone can be applied to reduce the superoxide radical (%O2−)
[49–53]. The results of visible-light photocatalytic eﬃciency on RhB
using CNCSBI001 as photocatalyst with various scavengers are shown
in Fig. 9A. When the AO or IPA are added in the reaction solution, the
photocatalytic eﬃciency remains almost invariable. Therefore, holes
and hydroxyl radicals appear not to be the major reactive species. On
the contrary, after the addition of BQ into the reaction solution, the
8
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Fig. 9. Eﬀect of the addition of diﬀerent scavengers on the degradation of RhB over CNCSBI001.

Fig. 10. A1) Oxidation of methanol express as enhance of formaldehyde concentration during visible light photocatalytic experiment under visible light irradiation
(455 nm) of CNCSBI001; A2) Comparison of methanol oxidation using three lamps as diﬀerent energy sources, (inset) Solar energy distribution; B1) Evidence of H2
evolution, the H2 peaks produced in GC over 6 h of illumination under solar simulator irradiation; B2) Comparison between activity of pure g-C3N4 and the composite
photocatalyst; B3) Evidence of H2 evolution, the H2 peaks produced in GC over 4 h of illumination under visible light irradiation LED 455 nm.

6.1. Recycle test

irradiation time of the three subsequent times cycles was performed and
the degradation rate change was evaluated. The results shown in
Fig. 11A conﬁrm a negligible decrease in the rate of the process. After
the last run, the powder was separated and dried, afterwards, the FTIR

Photocatalytic stability of CNCSBI001 halide perovskite-modiﬁed
graphitic carbon nitride was conﬁrmed by the recycling tests. The
9
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Fig. 11. A) Cycling tests of photocatalytic degradation RhB in CNCSBI001 under visible light irradiation; B) FTIR spectra before and after degradation of RhB under
visible-light irradiation.

Sillanpää: Resources, Supervision, Project administration, Funding
acquisition.

spectrum of the samples was collected. As shown in Fig. 11B, the stability of the as synthesized new photocatalyst was conﬁrmed, no signiﬁcant or drastic change observed in the existing stretching and
bending frequencies of spectrum before and after the degradation. The
above achievements illustrated that the prepared material exhibited a
good stability and high repeatable ability.

Declaration of Competing Interest
The authors declare that they have no known competing ﬁnancial
interests or personal relationships that could have appeared to inﬂuence the work reported in this paper.

7. Conclusions

Acknowledgements

In recent years, designing visible-light-driven g-C3N4 photocatalysts
has been rising due to the tunable electronic structure and excellent
physicochemical stability it has been shown that they can be excellent
candidates in photocatalytic application. In our research, a new composite photocatalyst based on graphitic carbon nitride and lead-free
perovskite g-C3N4/Cs3Bi2I9 was successfully prepared via a facile and
reproducible wet chemical method. The accomplishment of the synthesis was evidenced by the morphological characterization of the composite. The as prepared photocatalyst exhibited enhanced photocatalytic performance in the degradation of RhB, MB, MO as well as for
the mixture of selected dyes under LED-visible light illumination. The
chemical trapping experiments conﬁrmed that, especially for RhB O2−%
was the main active specie in the degradation process under visible
light irradiation. Moreover, the as synthesized photocatalyst was found
to possess a good stability and recyclability after repeated uses. The as
prepared composite was found to be also suitable for visible light degradation of MeOH and H2 evolution under solar light illumination. The
photocatalysts own a remarkably enhanced absorbance in the visible
region, due to the narrow band gap of the lead-free perovskite.
The enhance in separation and transport eﬃciency of photoinduced
electron-hole pairs in the photocatalyst were corroborated by photoelectrochemical measurements. The suppressed charge recombination
and eﬃcient charge transfer can be ascribed to the heterojunctions
formation. The enhanced photocatalytic performance can be attributed
to eﬃcient direct scheme heterojunction with a remarkable high redox
ability. The results obtained in this work conﬁrm the feasibility of improving the photocatalytic performance of single semiconductors
through the formation of composites. Moreover, our work aims to
provide important new insights for fabricating composite photocatalysts based on lead-free perovskite material easy to prepare and
with suitable properties for photocatalytic applications.
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