Anchoring lead-free halide Cs3Bi2I9 perovskite on UV100–TiO2 for enhanced
photocatalytic performance

Bresolin Bianca-Maria, Balayeva Narmina, Granone Luis, Dillert Ralf, Bahnemann
Detlef, Sillanpää Mika

This is a Post-print

version of a publication

published by Elsevier
in Solar Energy Materials and Solar Cells

DOI:

10.1016/j.solmat.2019.110214

Copyright of the original publication: © 2019 Elsevier B.V.

Please cite the publication as follows:
Bresolin B., Balayeva N., Granone L., Dillert R., Bahnemann D. Sillanpää M. (2020). Anchoring
lead-free halide Cs3Bi2I9 perovskite on UV100–TiO2 for enhanced photocatalytic performance.
Solar Energy Materials and Solar Cells, Vol 204. DOI: 10.1016/j.solmat.2019.110214

This is a parallel published version of an original publication.
This version can differ from the original published article.

Anchoring lead-free halide Cs3Bi2I9 Perovskite on UV100-TiO2
for enhanced photocatalytic performance
Bianca-Maria Bresolin a , Narmina O. Balayevab, Luis I. Granoneb,c, Ralf Dillert b,c,
Detlef W. Bahnemann b,c,d, Mika Sillanpää a,e

aLaboratory

of Green Chemistry, School of Engineering Science, Lappeenranta University of Technology, Sammonkatu 12,
50130 Mikkeli, Finland.

b

Institut für Technische Chemie, Leibniz Universität Hannover, Callinstr. 3, D-30167 Hannover, Germany

cLaboratory

of Nano- and Quantum-Engineering (LNQE), Gottfried Wilhelm Leibniz University Hannover, Schneiderberg 39,
D-30167 Hannover, Germany.

d

Laboratory ‘‘Photoactive Nanocomposite Materials’’, Saint-Petersburg State University, Ulyanovskaya str. 1, Peterhof, 198504
Saint-Petersburg, Russia
eDepartment

of Civil and Environmental Engineering, Florida International University, Miami, FL 33174, USA

Abstract
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 visiblelight active photocatalysts. The as-prepared material exhibited excellent stability and a remarkable
yield for photocatalytic oxidation of methanol to formaldehyde under visible light irradiation. The
photocatalyst was characterized using X-ray diffraction, scanning electron microscopy, energydispersive X-ray spectroscopy, Transmission electron microscopy, X-ray photoelectron
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.
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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.
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Photocatalysis, Heterostructure, Perovskite, Titanium dioxide, Visible light
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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 development [3–6]. Moreover, efficient and
sustainable technologies for remediation 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 development 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 reactive 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 photocatalytic process can operate at room temperature utilizing clean
and renewable solar light as driving force for the abatement of contaminants with any production
of hazardous residues after complete mineralization [20]. Among the studied photocatalysts, TiO2
is definitively the most investigated material due to its high oxidative efficiency, chemical stability,
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nontoxicity, and low-cost [21–23]. Unfortunately, the photocatalytic 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 heterostructures with improved
electron dynamics and enhanced light absorption 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 photocatalysis [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 positions 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 photocatalytic efficiency [33–36]. Moreover, by
coupling a UV-active semiconductor, such as TiO2, with a visible light-active semiconductor, the
synergic absorption ability of the two semiconductors extends the light response range improving
the solar energy utilization [37].
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Furthermore, among important technological developments of the current decade, perovskite
material has achieved outstanding performances 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 environmental remediation. Moreover,
the most efficient HOIPs usually contain lead, being a serious toxic disadvantage that limits
commercial applications. On the other hand, among the inorganic perovskites, Bi-based halide
perovskites have gained much attention solving the stability and toxicity issues related to leadbased perovskite materials [44,41,45]. In particular, cesium bismuth iodide (Cs3Bi2I9) is new low
toxicity and air-stable compound belonging to the perovskite family that exhibits remarkable and
promising qualities. Cs3Bi2I9 is characterized by a dark cherry red color, and it can be easily
synthesized at low temperature. 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 heterostructure material was coupled
to improve the performance in photocatalytic 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
the light absorption capacity of TiO2 and further enhance its photocatalytic activity. To our
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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 purchased 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 impregnation method. TiO2 and Cs3Bi2I9 were
suspended in deionized water (Milli-Q, 18.2 M

cm) and sonicated for one hour. 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 presented in
Figure 1. The four synthesized composites with different weight ratios were named as UV1000.05, UV100-0.1, UV100-0.25, UV100-0.5, where the numbers demonstrate the weight percentage
of Cs3Bi2I9 in respect to TiO2 (Table 1).
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Figure 1: Schematic illustration of the preparation pathway of the Cs3Bi2I 9:TiO2 composites.

Table 1: List of synthesized materials

2.3

Name of material

Cs3Bi2I9 wt%

Cs3Bi2I9

-

UV100-0.5

0.50

UV100-0.25

0.25

UV100-0.1

0.10

UV100-0.05

0.05

UV100

-

Photocatalyst characterization

The crystal phases and lattice parameters of the samples were determined by powder X-ray
diffraction using a D8 Advance diffractometer (Bruker) provided with a Cu K radiation source.
Diffuse reflectance UV–Vis spectroscopy was employed using a spectrophotometer (Varian
Spectrophotometer Cary-100 Bio, Agilent technologies). Barium sulfate was used as a standard
for 100% reflection. For the bare perovskite, the bandgap was deduced from Tauc plot [54].
Brunauer–Emmett–Teller (BET) measurements were performed to determine the specific surface
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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 dispersive spectroscopy (EDS).
Electrochemical measurements were performed 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,
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/sq) by the doctor blade technique. A paste consisting

of 200 mg of the composite, 50 l of Triton X-100 (Sigma-Aldrich, laboratory-grade), 100 mg of
polyethylene glycol 10000 (Merck, for synthesis), 400 l of deionized water, and ethanol was
used for the film preparation. A final calcination step at 400°C for two hours 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 (Zahner-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.
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
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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 (Figure S1). The
irradiation of the composite suspensions (1 g/L) started after 30 minutes in the dark to ensure that
the adsorption-desorption equilibrium 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 L after specific illumination
intervals. After addition of 600 L of the Nash reagent (0.02 M acetylacetone, 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 Surface, 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 firstorder kinetic model according to the following equation Eq. 1:
=

[ ]

[ ]

(1)

where [A] is the concentration of the model pollutant and k is the reaction rate.
The detection of hydroxyl radicals was performed by the use of terephthalic acid, which reacts
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with photogenerated hydroxyl radicals, yielding the fluorescent 2-hydroxyterephthalic acid (2HTA) [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 minutes
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.
3.

RESULTS AND DISCUSSION

3.1

Catalyst characterization

The XRD patterns of UV100 and the as-synthesized composites are shown in Figure 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 2 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
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on the UV100-0.5 sample at 2 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 TiO 2
diffraction peak at 2 = 25.4°.

Figure 2: XRD patterns for precursors and synthesized materials

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 (Figure S3). The results exhibit that both the UV100-0.1 and UV1000.5 composites show a redshift of the absorption. 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, Cs 3Bi2I9
exhibits strong excitonic behavior even at room temperature. The excitonic absorption peak at 2.56
eV (485 nm) is shown in Figure S3. The peak is usually related to the strong quantum confinement
effect due to the 0D nature of [Bi2I9]3- bioctahedra [40]. The calculated bandgap from the Tauc
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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 subparticles highly agglomerated, 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 82.6 m 2/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 presented a significantly smaller surface area respect the pristine TiO2. In order
to observe the morphology of the as-synthesized powders, the SEM was used. Figure 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 evaporated. The image clearly
shows hexagonal structures in agreement with the XRD pattern (Figure S1).
The characteristic SEM images of the as-prepared microcrystals show particles of various size
ranging from 10 to 15 m (Figure 3A). While the smaller particles exhibit irregular crystal shapes,
the larger are hexagonal (Figure 3B). Energy-dispersive X-ray spectroscopy (EDX) measurements
were performed to verify the percentage of elements in the sample, all showing prominent peaks
(Figure 3C) [63]. Figure 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
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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 Cs 3Bi2I9 in a composite emerge many
insular aggregates and the surfaces of TiO2 become rough as revealed in Figure 3DFigure 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 . In order to obtain an understanding 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 unchanged after the solvent treatment.
The TEM picture in Figure 3E shows different lattice fringes of the as-synthesized halide
perovskite on the UV100, revealing the formation of heterostructure after the as performed
synthesis. Figure 3F displayed the EDX analysis of the as synthesized composite. These data
confirm the coexistence of TiO2 and Cs3Bi2I9 without exhibiting any remarkable contamination by
other chemical species.
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Figure 3: A and B) SEM images for bare perovskite Cs 3Bi2I9, C) EDX analysis for bare perovskite Cs 3Bi2I9, D) SEM
images for composite UV100-0.1 E) EDX analysis for composite UV100-0.1

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
14

the halide perovskite is discussed in the Supporting Information (Figure S5). According to the
survey spectrum of the as-synthesized composite, the detected elements include Ti, Bi, I, Cs, and
O (Figure 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. Figure 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 Figure 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 CO32 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 Figure 4B. The peak of Bi located around 160 eV indicates that Bi species
exists in the 3+ 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.
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Figure 4: A) XPS survey spectrum of the UV100-0.1 heterostructure B) T 2p, O 1s, Bi 4f, and Cs 3d spectra,
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
16

photocatalytic performance. 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 position
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
measurement of the energetic interfacial alignment [68]. Herein, the Mott–Schottky results were
conducted to confirm the relationship between the energetic levels at the semiconductor-electrolyte
interface and the observed photocatalytic activity of the Cs3Bi2I9:TiO2 heterostructures in aqueous
oxidation processes. Figure 5 shows the results obtained 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 = 0 gives an approximated value of the conduction band
position

Vfb. The energetic position of the valence band (Evb) can be calculated when the value

of the bandgap energy (E g) is known:
=

+

(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 TiO 2 a frequency dependence
in the Mott-Schottky plots may be caused by the inhomogeneity of the donor density near the
surface [69]. Such effects might also influence the measurements 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

17

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 energetic 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 H+
to H2 by photogenerated 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.

Figure 5: Mott-Schottky plot for UV100-0.1 composite films on FTO

Moreover, the heterojunction formation should be considered a key factor to enhance the activity
of the material. In semiconductor heterojunctions, 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 separation may occur [72]. In the
Cs3Bi2I9:TiO2 heterostructure, the energetic position of TiO2 and Cs3Bi2I9 are shown in Figure 6.
18

Due to this energy band alignment, photogenerated electrons are transferred from 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.

Figure 6: Band alignment in the UV100:Cs3Bi2I9 heterostructures

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 condition the
CB electrons might react with O2 to yield O2-• or in anaerobic reaction condition H+ 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. Figure 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
19

turned off. The current density on the composite deposited on FTO was clearly higher during
illumination.

Figure 7: Time-resolved current measurement, UV100-0.1 composite on FTO, in a presence and absence of MeOH

3.2

Performance of Photocatalysis

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 (h +vb) and electrons (e
and CB, respectively. The photogenerated holes, when do not recombine with e

cb)
cb,

in the VB
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 photogenerated e

cb

can react with

electron acceptors, such as O2, dissolved in the solution or adsorbed on the surface of the
semiconductor. The reaction with O2 produce superoxide radical anions (O2•-) or hydrogen
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peroxide (H2O2), that may be utilized for the oxidation of methanol through the intermediate
formation of •OH radicals [10]. The photocatalytic 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 two moles of acetylacetone react with
one mole of formaldehyde to give one mole 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 minutes 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 Figure 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, Figure 8A-B are
evident that photocatalysis under UV irradiation shows remarkable higher efficiency respect to the
visible light irradiation.
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Figure 8: A) Photocatalytic evolution in PL spectra of methanol oxidation as a function of irradiation time under
365nm-light irradiation over UV100-0.1, B) Photocatalytic evolution in PL spectra as a function of irradiation time
under 455nm-light irradiation over UV100-0.1.

The reforming of methanol to formaldehyde was performed in water solution under UV and
visible-light irradiation. Figure 9A and B show the variation in formaldehyde concentration during
light irradiation for the different photocatalysts under UV and visible-light irradiation,
respectively. Under UV light irradiation (Figure 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
photocatalytic 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 minutes the concentration of formaldehyde starts to be constant, this may be
associated 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 Figure 9B. In particular, when the load of perovskite introduced in the
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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 as-synthesized composites were
compared using the calculated rate of reaction, 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 irradiation. In this evaluation, the reaction
rate was applied in the first 10 minutes of experiments where the reaction shows a linear behavior.
The degradation appeared to be considerably faster under UV light irradiation 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 minutes, under UV-light irradiation with UV100-0.5
and UV100-0.1 composites. On the contrary, UV100 nanoparticles irradiated under UV-light
showed the complete removal of methanol after 120 minutes. 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 measurement. 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 materials allowed the migration of the charge carriers,
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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 prepared composites.

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

UV100-0.1

UV100-0.5

UV100

k (min-1) – 365 nm

1.51

1.72

0.84

R2

0.99

0.99

0.95

k (min-1) – 455 nm

0.05

0.03

-

R2

0.95

0.98

-

In addition, the recyclability test of UV100-0.1 composite has been evaluated for three times
without observing any significant loss in the efficiency (Figure 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.
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Figure 10: Recycling test for UV100-0.1 under UV and visible-light irradiation

In order to ensure the photocatalytic stability of the as prepared nanocomposite, the XRD patterns
before and after reaction were recorded. Figure 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 photocatalytic reaction are similar to that before
reaction. It indicates that the structure of the as-prepared material does not change during the
photocatalytic process, and the stability of photocatalytic activity is depended on the stability of
the structure.

Figure 11: XRD patterns of the as synthesized composite before and after treatment and the bare UV100 as
reference

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
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to its low concentration 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 2hydroxyterephthalic 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 (Figure 12). The gradual increase in the PL intensity was
observed at about 425 nm, which indicates the formation of 2-hydroxyterephthalic acid produced
by a chemical reaction between TA and •OH formed during irradiation of the photocatalytic
process.

Figure 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

4.

CONCLUSIONS

In summary, the heterostructure Cs 3Bi2I9: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 TiO 2. According to the
optical measurements and the electrochemical studies, the heterostructures benefit not only of an
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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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