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Recently, the photocatalytic degradation of organic pollutants
using halide perovskite materials has increasingly attracted people’s
attention. However, the stability issues and the lead toxicity of such
materials cast a shadow over their practical applications. In this
study, we successfully synthesized non-toxic Cs;MnBi,Cl;, single
crystals (SCs) using a hydrothermal method. Joint experiment—
theory characterizations reveal the good stability of Cs;MnBi,Cl;,.
Furthermore, the application of Cs;MnBi,Cl,, as a photocatalyst in
the degradation of organic pollutants was demonstrated for the
first time. In detail, rhodamine B (RhB), methylene blue and Sudan
Red Il dissolved in ethanol can be degraded and decolorized by
Cs4MnBiCl;, SCs under light irradiation. About 97% RhB can be
degraded in 7 min, and the degradation efficiency is hardly
decreased over ten cycles. Besides, the photocatalytic degradation
mechanisms were studied, and the results show that the superoxide
(*0O,7) plays a leading role in the photocatalytic process. The
degradation pathways of organic pollutants were subsequently
analyzed by high-performance liquid chromatography—mass spec-
trometry, involving three stages of N-deethylation, ring opening,
and mineralization. Encouraged by the remarkable structural and
optical stability of Cs;MnBi;Cl;, SCs, such lead-free perovskite
materials may have broad application prospects in the field of
photocatalysis.

Introduction

Recently, with the rapid population growth and the development
of global industrialization, the pollution of organic dyes has
become increasingly high, which has damaged the ecosystem
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seriously and threatened the sustainable development of human
society." Under these circumstances, the development of
advanced treatment technologies for organic pollutant degrada-
tion is an important pursuit and certainly a worthwhile subject.
Solar energy is abundant, and has shown immense potential in
tackling environmental problems and photocatalysis has proven
to be effective in the degradation of organic dyes.” The photo-
catalytic reaction uses semiconductor materials as catalysts to
degrade, decolorize, and detoxify macromolecular organic pollu-
tants under sunlight, and convert them into inorganic small
molecular substances, such as CO, and H,0.® This treatment
technology possesses the advantages of low energy consumption,
simple operation, and mild reaction conditions.” Currently, the
experimentally explored photocatalyst materials include metal
oxides (TiO,, ZnO, SnO,, and WO5),>” metal sulfides (CdS, Pbs,
and ZnS),® nitrides (C;N, and GaN),° phosphides (InP and
GaP),">™ and so on. For example, Zhang synthesized a novel
phosphorus (P)-doped fiber tubular graphitic carbon nitride
(g-C5N4)/g-C3N,/titanium nitride (TiN) composite (FCN/CN/TiN).">
FCN/CN/TiN has been endowed with remarkably high photo-
catalytic performance with a degradation efficiency of 94%, and
can still maintain the stability of the material and degradation
efficiency after four cycles. Although the materials mentioned
above have shown good performance in photocatalytic reactions,
they still face some drawbacks including fast recombination rates
of photo-generated carriers, low light utilization, complex prepara-
tion process, etc."*™* Therefore, from the application point of view,
it is imperative to search for alternative semiconductor materials
with a low carrier recombination rate and cost-effectiveness as
photocatalysts to address the above issues.

In recent years, metal-halide perovskite materials have
increasingly received attention due to their great capabilities in
cost-effective and large-scale manufacturing in optoelectro-
nic devices, including solar cells, photodetectors, lasers, and
light-emitting diodes.'®* Compared to the intensive efforts in
optoelectronic applications, the investigation of perovskites as
photocatalysts in pollutant degradation is relatively less
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intensive. In fact, the intrinsically large light absorption coeffi-
cient, long charge carrier lifetime, tunable bandgap, and
solution-processed method provide metal-halide perovskites
with broad prospects for high-performance photocatalysts, and
much progress in this field has been witnessed in the past
several years, including photocatalytic reduction of CO,,** hydro-
gen production,” NO removal,”® and organic pollutant degrada-
tion. For example, CsPbX; (X = Cl, Br) perovskite quantum dots
(QDs) can decompose methyl orange (MO) solution into a color-
less solution within 100 min.>® The eosin-B dye can be degraded
by CsPbCl; QDs under visible light irradiation within 140 min.””
CsPbBr; nanocrystals can degrade methylene blue (MB) solution
within 60 min, and the photocatalytic degradation rate is
99.18%.%% Nevertheless, the inherent toxic element lead con-
tained in lead-halide perovskites and their instability cast a
shadow over their practical applications. Thanks to the rich
combinatorial chemistry of perovskite materials, researchers
have developed some stable and lead-free perovskite materials
and applied them in organic pollutant degradation. For example,
Bresolin et al. synthesized the (CH;NHj3);Bi,l, powder, which can
effectively degrade Rhodamine B (RhB) and MB solutions under
light irradiation.>® Analogously, Akinbami et al. observed that
Cs;Bi,Bry nanoparticles can be used for photocatalytic degrada-
tion of RhB and MB solutions.*® Besides, Cs,AgInClg nanocrys-
tals were used for photocatalytic degradation of Sudan Red III
dyes, about 98.5% of Sudan Red III solution was degraded within
16 min.*' Moreover, Cs,AgBiBr; also has photocatalytic proper-
ties and can be used to degrade RhB solution, and the photo-
catalytic efficiency can be significantly improved when precious
metals such as Pt and Au are deposited on its surface®* while the
above three lead-free perovskite materials are characterized by
indirect bandgap nature, resulting in a low light utilization
efficiency. Moreover, they all have relatively short carrier life-
times, thus it is difficult to ensure that the photoexcited charge
carriers have sufficient time to reach the active sites to complete
the surface redox reaction.

In this study, we successfully synthesized the non-toxic
and stable Cs,MnBi,Cl;, single crystals (SCs) using a hydro-
thermal method, which are characterized by direct bandgap
and long carrier lifetime. The Cs;MnBi,Cl;, SCs can degrade
and decolorize RhB, MB and Sudan Red III in ethanol-based
photocatalytic systems, demonstrating a high degradation effi-
ciency and stability. About 97% RhB can be degraded in 7 min,
and the degradation efficiency does not decrease significantly
after ten cycles. After the degradation process, the photocatalyst
can be recovered by filtration and cleaning, showing the
characteristics of convenient recovery, and high recovery and
utilization rate. The photocatalytic degradation mechanisms
show that the dye molecules have undergone the mineraliza-
tion process, and the main active species are the superoxide
radical (*O,7), and the degradation pathways of organic pollu-
tants involve three stages of N-deethylation, ring opening, and
mineralization. The above results show that the lead-free
Cs;MnBi,Cl;, SCs with a simple synthesis method and high
degradation efficiency are safe and efficient photocatalytic
materials.
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Results and discussion

In this work, the Cs,;MnBi,Cl;, perovskite SCs were synthesized
using a slow cooling crystallization method, as schematically
illustrated in Fig. 1a. Firstly, the mixture of CsCl, MnCl, and
BiCl; were thoroughly ground. Then, the mixture was dissolved
in HCI solution. After a continuous sintering at 180 °C for 12 h,
Cs;MnBi,Cl;, crystals can be precipitated by slowly cooling to
room temperature at a cooling rate of 10 °C h™'. Fig. 1b
illustrates the schematic crystal structure of Cs;MnBi,Cl;,. One
can see that Cs;MnBi,Cl;, with the triangular R3m space group
belongs to layered double perovskite structure, in which Mn**
and Bi*" cations coordinate with six Cl~ to form two octahedral
blocking units, and the [MnClg]*~ octahedral layer is sandwiched
between two [BiCls]>~ layers by angle sharing to form a two-
dimensional perovskite structure, which endows it with excellent
stability and tunable photoelectric properties.>** The triangular
structural characteristics of the synthesized Cs,;MnBi,Cl;, SCs
were experimentally confirmed by X-ray diffraction (XRD). As
shown in Fig. 1c, the Cs;MnBi,Cl;, SCs have only the diffraction
patterns from {001} planes, belonging to a triangular R3m space
group (cell parameters: a = b =7.5426 A, ¢ = 36.9150 A, o = = 90°,
y =120°), and the full-width at half-maximum (FWHM) of (0012)
diffraction peak reaches 0.12°, suggesting a high crystallinity.
Fig. 1d displays the X-ray photoelectron spectrometer (XPS)
survey spectrum of Cs;MnBi,Cl;, SCs, where relevant signals
of C, Cs, Mn, Bi, and Cl were confirmed, and the binding energy
signals of Cs 3d, Mn 2p, Bi 4f, and Cl 2p were presented in Fig. S1
(ESIt) after calibrating with the C 1s peak at 284.57 eV. Fig. 1e
and Fig. S2 (ESIt) show the typical scanning electron microscope
(SEM) images of Cs;MnBi,Cl;, crystals, which have a regular
rhombic octahedral structure similar to that of double perovskites,
and their surfaces are flat without obvious voids, which further
indicates that the as-prepared samples have high crystallinity.
Energy dispersive spectroscopy (EDS) elemental mapping analysis
in Fig. 1f shows that Cs, Mn, Bi, and Cl elements are uniformly
distributed in the octahedral microcrystal. Quantitative analysis of
the EDS spectrum shown in Fig. S3 (ESIt) gives a quantified atomic
ratio (%) of 8.90:1.95:3.97:23.13 (4.56:1:2.03 : 11.86) for Cs: Mn :
Bi:Cl, which is close to the stoichiometry of the Cs,;MnBi,Cl;,
material. Fig. 1g shows the high-resolution transmission electron
microscope (TEM) image of the Cs,;MnBi,Cl,, crystal, and two sets
of clear lattice fringes were identified with the interplanar spacings
of 3.60 A and 3.76 A, corresponding to the (213 and (210 crystal
planes of triangular Cs;MnBi,Cl;,. The corresponding Fourier
transformation (FFT) image displayed in upper-right pane verifies
the single-crystalline characteristics of the Cs,;MnBi,Cl;, crystal.
To understand the electronic structure of Cs,MnBi,Cl,,, the
electronic band structure and density of states (DOS) of Cs,-
MnBi,Cl;, were calculated by density functional theory (DFT).*®
As shown in Fig. 2a, Cs;MnBi,Cl;, exhibits a direct bandgap
at the F symmetry point with a bandgap energy of 3.22 eV.
The corresponding DOS calculation in Fig. 2b shows that the
conduction band minimum (CBM) of Cs,MnBi,Cl;, is mainly
composed of Bi 6p and Cl 3p orbitals, and its valence band
maximum (VBM) mostly consists of Mn 3d and ClI 3p orbitals.

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) Schematic diagram of the synthesis process of Cs4MnBi,Cl;» SCs. (b) Left: Schematic illustration of the crystal structure of Cs4;MnBi,Cly,. Right:
Isolated two types of octahedral blocking units (top) and the crystal lattice view along the [110] direction (bottom). (c) XRD patterns of Cs4MnBi,Cl;» SCs
and powder. (d) XPS spectrum of Cs4sMnBi>Cly, SCs. (e) SEM image of an individual Cs4;MnBi,Cl;, crystal, and (f) the corresponding EDS elemental
distributions of Cs, Mn, Bi, and Cl, respectively. (g) High-resolution TEM images of Cs4MnBi>Cl;, SCs. The inset shows the corresponding FFT patterns.

That is to say, the [MnClg]*~ and [BiCl¢]>~ polyhedra contribute
the most electronic states in the energy band, and Cs contributes
less to the CBM and the VBM. The isosurface plots of wave
function |¥|* of the CBM and the VBM are shown in Fig. 2c and
d, and the charge density is concentrated in [MnClg]'~ and
[BiClg]>~ groups, isolated by Cs* ions.

The optical properties of Cs;MnBi,Cl;, SCs were studied by
ultraviolet-visible absorption and photoluminescence (PL). As
shown in Fig. 2e, the Cs,;MnBi,Cl;, SCs have a broad absorption
region (gray line), which start to absorb light at around 600 nm
and have a strong absorption in the ultraviolet region.*® Such a
wide absorption region is conducive to absorbing more energy
that supports efficient photodegradation. It should be men-
tioned that the strong absorption in the ultraviolet region comes
from the 65> — 6s'p" transition of Bi*" ions.*”*% A fully allowed
'Sy — 'P; transition is observed near 210 nm, and the peak at
267 nm belongs to 'S, — °P, forbidden transition, while the
'S, — °P, transition is responsible for the strong peaks at 330

This journal is © The Royal Society of Chemistry 2023

and 352 nm. This splitting is due to the dynamic Jahn-Teller
distortion effect of the excited state caused by the coupling of
lattice vibration and Bi 6p-Cl 3p antibonding orbital coupling.*
In addition, two weak absorption peaks at 430 and 515 nm were
also detected in the visible region, corresponding to the spin-
forbidden ®A,(S) — *T;(G) and °A(S) — *T,(G) d-d transitions of
the Mn?", respectively.*”*! From the Tauc plot analysis of the
absorption spectra (Fig. S4, ESIt), the bandgap of Cs;MnBi,Cl;,
SCs is determined to be 3.01 eV, similar to that of the reported
data.*®

Preliminary optical studies (Fig. 2e, red line) show that the
Csy;MnBi,Cl;, SCs exhibit a strong and broad emission peak at
592 nm with a large FWHM of 75 nm, which is mainly caused
by the spin-forbidden d-d transition (“T; — °A,) of paired Mn>**
ion octahedra with magnetic coupling.”? The inset of Fig. 2e
displays a photograph of Cs;MnBi,Cl;, SCs under ultraviolet
light irradiation (365 nm), showing an intense orange-red light.
To further confirm the emission mechanisms of Cs,MnBi,Cl;,,

J. Mater. Chem. C, 2023, 11, 3715-3725 | 3717
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Fig. 2 (a) Calculated band structure, and (b) the corresponding DOS diagram of Cs4MnBi>Cl;,. The isosurface plots of the wave function |®|? of (c) CBM
and (d) VBM. (e) ultraviolet-visible absorption and PL spectra of Cs4;MnBi,Cl;» SCs. The inset shows the photograph of Cs;MnBi,Cly, SCs under ultraviolet
light irradiation (365 nm). (f) Time-resolved PL decay curve of Cs4sMnBi>Cl;, SCs.

the PL spectra under different excitations and PL excitation
(PLE) spectra under different emissions were measured.
As shown in Fig. S5a (ESIt), the peak position and FWHM of
the PL spectra show little dependence on the excitation wave-
length ranging from 310 to 520 nm, suggesting that the broad
red emission originates from the same radiative decay path
rather than superposition of multiple defect recombination
centers.”® Likewise, the nondependence of PLE spectra (Fig.
S5b, ESIt) on the emission wavelength also confirms that the
orange-red emission originates from the relaxation of the same
excited state—d-d transition of Mn ions.*®** In general, the PL
intensity associated with the permanent defects in materials is
characterized by a sublinear dependence on the excitation
power, and an undesired emission saturation will occur when
all defect states are filled.*” However, in the present case, a linear
relationship of excitation power-dependent PL eliminates the
possibility of permanent defect-related transition (Fig. S6, ESIT).
Transient-state PL measurements were also performed to gain
more insight into the carrier recombination of Cs;MnBi,Cl;,
SCs. As shown in Fig. 2f, the PL decay curve of Cs,;MnBi,Cl;, SCs
excited by 368 nm monitoring at 592 nm can be fitted by three
exponential decay functions, and the average PL lifetime is about
39 ps, which is much larger than the conventional lead-halide
perovskites and other lead-free metal halides.***° Generally, the
PL lifetime is inversely proportional to the density of trap states,
where a longer lifetime is associated with less trap density. From
the perspective of photocatalytic applications, a longer lifetime
would reduce the possibility of carrier recombination, bringing
about higher opportunity to degrade organic pollutants.*’
Moreover, the longer PL lifetime implies a lower charge carrier

3718 | J Mater. Chem. C, 2023, 1, 3715-3725

recombination rate, thus the photoexcited charge carriers would
have sufficient time to reach the active sites to complete the
surface redox reaction.”

The stability of photocatalysts is an important index to evaluate
whether it can have commercial application, so we carried out a
detailed study on the stability of Cs;MnBi,Cl;, by combining
theoretical and experimental analysis. First, the dynamic stability
and thermodynamic stability of Cs;MnBi,Cl;, were studied by the
first-principles calculations. As shown in Fig. 3a, no negative
frequencies were observed in the calculated phonon band struc-
ture, which verifies the dynamic stability of Cs,;MnBi,Cl,,. Fig. 3b
presents the first-principles molecular dynamics simulations
at 300 K, and the small potential energy fluctuation implies a
good thermodynamic stability of Cs;MnBi,Cl;,. Furthermore, we
extended the theoretical investigation into the decomposition
enthalpy of Cs;MnBi,Cl;,. As shown in Fig. 3c, the decomposition
enthalpy of Cs;MnBi,Cl;, is much larger than that of CsPbBr;,
CsPb,Brs5, and other lead-free perovskite materials, indicating the
better stability and greater advantages of Cs,MnBi,Cl;, for prac-
tical photocatalytic applications. Experimentally, the thermogravi-
metric analysis shows that Cs,;MnBi,Cl,;, SCs have a high thermal
stability and exhibit no significant weight loss until 500 °C, as
seen in Fig. 3d. Furthermore, we conducted the photostability test
of the Cs,;MnBi,Cl;, SCs by continuously illuminating the sample
using a 365 nm ultraviolet lamp. As shown in Fig. 3e and Fig. S7
(ESIY), the absorption and PL spectra of Cs;MnBi,Cl;, SCs barely
changed in terms of the spectral shape and peak intensity after
48 h of continuous irradiation, which suggests a good photo-
stability of Cs,MnBi,Cl;, SCs. Considering the strong dependence
of organic pollutant degradation on the solution environment,

This journal is © The Royal Society of Chemistry 2023
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(a) Phonon band structures of the Cs4;MnBi,Cly,. (b) Potential energy fluctuations of CssMnBi,Cli, as a function of the molecular dynamic

simulation step at 300 K. (c) Comparison of the decomposition enthalpy of Cs4MnBi>Cl;, with other halide perovskites. (d) Thermogravimetry analysis of
the Cs4MnBi,Cl;, SCs. (e) Absorption spectra of the Cs;MnBi,Cly, SCs before and after continuous ultraviolet light irradiation for 48 h. (f) Photographs of
the Cs4MnBi>Cly, SCs soaked in water (upper) and alcohol (bottom) for different times.

another stability test of Cs;MnBi,Cl,, SCs in different solvent
environments was therefore conducted. Generally, water was
deemed to be one of the fatal factors for conventional lead-
halide perovskites, which are easily decomposed once exposed
to water because of the hygroscopic halide salts.>* To evaluate
the stability of Cs;MnBi,Cl;, SCs against water corrosion, the
as-synthesized sample was therefore soaked in deionized water.
As we expected, the Cs;MnBi,Cl;, SCs experienced a rapid
fluorescence quenching in water environment and lost most
of the brightness within 10 s of standing, as shown in the upper
pane of Fig. 3f, which may be induced by the ionic nature of
Cs;MnBi,Cly,. In sharp contrast, when we replaced the deio-
nized water with alcohol, the bright orange-red luminescence
typical to Cs,;MnBi,Cl;, SCs can be stabilized even with a long-
standing time for 60 h (bottom pane). Therefore, for stable and
reproducible photocatalytic degradation by using Cs;MnBi,Cl;,,
alcohol is a very reliable solvent of choice. The above experimental
results indicate the remarkable stability of the Cs,MnBi,Cl;,
system, making it suitable as an environmentally friendly photo-
catalyst for the degradation of organic pollutants in ethanol.
The photocatalytic activity of Cs,MnBi,Cl;, SCs was experi-
mentally evaluated by removing three organic dyes (RhB, MB,
and Sudan III) in ethanol solution under a 300 W mercury lamp
irradiation. Fig. 4a-c present a series of ultraviolet-visible
absorption spectra of RhB, MB, and Sudan Red III at different
irradiation times in the presence of Cs,MnBi,Cl;,, and regular
spectral evolution was revealed. Specifically, the absorption
peak intensity of RhB decreases dramatically with increasing
the irradiation time (Fig. 4a). Within a short period of 7 min,
the characteristic absorption peak of RhB almost disappears,

This journal is © The Royal Society of Chemistry 2023

with a degradation rate as high as 97%, which suggests that the
RhB solution was almost completely degraded. The inset of
Fig. 4a presents the change of RhB solution color with different
irradiation times, showing a regular change from dark purple
to transparent. To verify the positive role of Cs;MnBi,Cl;, in the
RhB degradation process, the control experiments were con-
ducted. As shown in Fig. S8 (ESIt), RhB is hardly degraded
under a mercury lamp irradiation without the Cs,;MnBi,Cl;,
catalyst. Also, RhB is difficult to be degraded with catalyst under
dark conditions. These results indicate that Cs,MnBi,Cl,, is the
real factor to enable degradation of RhB. For the other organic
pollutants, the effect of photodegradation is also significant.
As shown in Fig. 4b and ¢, MB and Sudan Red III dyes with the
same concentration as RhB were employed for the identical
experiments, and the regular color changes from blue cyan
(MB) and orange (Sudan Red III) to transparent lend support
to the view of almost complete degradation. In detail, the
degradation rates of MB and Sudan III were 98.3% and 97.4%,
respectively, within 16 min. The above results demonstrate that
Cs4;MnBi,Cl;, SCs show high photocatalytic activity for different
dyes, among which the degradation performance of RhB is the
best (Fig. 4d), so we will focus on RhB as the main research
object in the following research. Subsequently, the degradation
rates of RhB with different addition amounts of Cs,MnBi,Cl;,
catalysts were investigated to describe the kinetics of the photo-
catalytic reaction. As shown in Fig. 4e, with the increase of
catalyst content, the degradation rate of RhB first increases and
then decreases, and the degradation rate reaches its maximum
when the catalyst content is 5 mg. The Langmuir Hinshelwood
(L-H) model can be used to describe the degradation rate under

J. Mater. Chem. C, 2023, 11, 3715-3725 | 3719
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Fig. 4 Ultraviolet-visible absorption spectra of (a) RhB, (b) MB, and (c) Sudan Red Il at different irradiation times in the presence of Cs;MnBi,Cly,. The
insets show the change of solution color with time. (d) Plots of C/Cq versus the irradiation time for the degradation of RhB, MB, and Sudan Red III dyes.
(e) Plots of C/Cq versus the irradiation time for the degradation of RhB with different catalyst addition amount. (f) Corresponding reaction kinetic curves

of the RhB degradation fitted using the first-order model.

different catalyst contents more intuitively, in which the first-
order model is expressed as -In (C/C,) = k;t + b, where C is the
initial concentration of dye, C. is the concentration of dye under
different degradation reaction times ¢, k; is the first-order rate
constant and b is a constant. By fitting the data, it can be found
that the calculated k; increases from 0.3914 to 0.4737 min™~ " when
the addition amount of Cs;MnBi,Cl;, increases from 3 to 5 mg
(Fig. 4f), implying that the degradation rate increases with the
increase of catalyst content, which is mainly because of the
number of active sites available for adsorption that are propor-
tional to the catalyst content. Theoretically, more catalyst addition
means larger exposure area to light, and thus more reactive
species (free radicals) can be produced.’*** However, further
increasing the catalyst content to 10 mg and above, light penetra-
tion through the solution would be inhibited due to an enhanced
light scattering.”>”® As a result, the degradation rate of RhB
decreases rather than increases. Table S1 (ESIt) summarizes the
photocatalytic properties of Cs;MnBi,Cl;, and other perovskite
materials. By comparison, the Cs;MnBi,Cl;, has a more superior
photocatalytic activity.

It is well known that the sustainability of photocatalysts
plays a key role in their practical applications. In the present
case, the sustainability of the Cs,MnBi,Cl;, photocatalyst
was examined by performing continuous ten cycles of RhB
degradation under the same conditions (air ambient, 30 °C,
50% humidity). As shown in Fig. 5a, the photocatalytic degra-
dation time of Cs,;MnBi,Cl;, SCs can be well maintained for
7 min over a ten cycle test; ten plotted curves repeat well and
exhibit a reproducible response with time, indicating that the
Cs4MnBi,Cl;, photocatalyst has a good cycling stability. From
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the application point of view, a robust cycling stability of
catalysts can effectively reduce the cost of photocatalysis, opening
opportunities for future practical applications. It is worth men-
tioning that such good sustainability is greatly superior to the
lead-halide perovskite catalysts (CsPbBr;) reported by Fan et al.,””
where the photocatalytic efficiency of CsPbBr; decays significantly
over four cycles and the crystallinity of the recycled photocatalyst
deteriorates seriously. Excitingly, this is not the case in our
experiment. By comparing the XRD patterns of Cs,;MnBi,Cl;,
SCs before and after photocatalysis (Fig. 5b), one can observe
that, after ten successive degradation cycles, the structural integ-
rity of Cs,;MnBi,Cl,, SCs was preserved well without the appear-
ance of other additional diffractions, indicating that the
photocatalyst is not decomposed even after ten photocatalytic
cycles. Not only that, the Cs;MnBi,Cl;, photocatalyst, without any
encapsulation and protection, also demonstrates a robust stability
against oxygen and moisture degradation. As shown in Fig. 5c,
after long-term storage for three months in ambient air, the Cs,-
MnBi,Cl;, SCs are able to maintain a good phase purity without
the appearance of an impurity phase. Even if the Cs,;MnBi,Cl;,
SCs were re-used for photocatalytic experiment after being stored
in air for three months, the degradation rate of RhB is not much
different from before, as seen in Fig. 5d. Therefore, in terms of
material stability, the Cs,MnBi,Cl;, possesses admirable and
obvious advantages compared with other perovskite counterparts.
This is no doubt the crucially important reason that ensuring the
excellent sustainability of the photocatalytic degradation process.
Furthermore, we investigated the effect of the size of Cs,;MnBi,Cl;,
on the degradation rate. As shown in Fig. S9a (ESIt), the photo-
catalytic experiments were carried out with Cs,MnBi,Cl;, powder

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) Ten successive degradation cycle test of Cs4;MnBi,Cl;, SCs under light irradiation in photocatalytic degradation of RhB. (b) XRD patterns of
Cs4MnBi>Cly, SCs before and after degradation cycle tests. (c) XRD patterns of Cs4MnBi,Cly, after storage in air for one month and three months. (d) Plots
of C/Cy versus the irradiation time for the degradation of RhB with Cs;MnBi,Cl;, SCs after storage in air for one month and three months.

and SCs, respectively. When the same mass of Cs;MnBi,Cl;,
powder and SCs were used to degrade 10 mg L' of RhB dye, it
can be found that the degradation rate of the powder is faster
than that of the SCs, and the degradation can be completed in
6 min. In addition, photocatalytic cycling experiments were carried
out with Cs;MnBi,Cl;, powder, as shown in Fig. S9b (ESIT),
RhB could be completely degraded within 6 min of the first two
cycles, but the time for complete degradation of RhB was gradu-
ally prolonged as the number of cycles continued to increase,
which may be caused by the decomposition of Cs;MnBi,Cl;,
powder after multiple degradation cycles. To confirm our suspi-
cions, we monitored the XRD of Cs;MnBi,Cl;, powder under
different cycles, as shown in Fig. S9c (ESIt), a small amount of the
BiCl; impurity phase appeared in the XRD patterns after the third
cycle of catalytic testing, and the impurity peak of BiCl; after the
fifth cycle increased, indicating that the Cs,MnBi,Cl;, powder is
easily decomposed into BiCl; after multiple cycles, which is also
the reason for the decrease in the degradation rate after multiple
cycles. In contrast, although the degradation rate of Cs;MnBi,Cl;,
SCs is slightly smaller than that of Cs,MnBi,Cl;, powder,
Cs;MnBi,Cl;, SCs show better cycle stability, which is more
suitable for practical applications in photocatalytic degradation.
Therefore, we use Cs,MnBi,Cl;, SCs for photocatalytic experiments.

This journal is © The Royal Society of Chemistry 2023

The above results and discussions fully reflect the great application
prospects of stable Cs;MnBi,Cl;, SCs in photocatalysis fields. The
above results and discussions fully reflect the great application
prospects of stable Cs,MnBi,Cl;, in photocatalysis fields.
Generally, during the photocatalytic reaction, electrons (e),
holes (h"), hydroxyl radical (*OH) and superoxide (*0,”) may
exist as the active species.’® To examine the photocatalytic
mechanisms, we therefore conducted the active radical capture
experiments to identify the active species that re account for the
degradation process. Fig. 6a plots the C/C, versus the irradiation
time for the degradation of RhB with the addition of the free
radical scavenger 2,2’,6,6'-tetramethylpiperidine-1-oxyl (TEMPO).
One can observe that the photocatalytic degradation of dyes can
be almost completely blocked after the TEMPO was added,
suggesting that the photocatalytic degradation of dyes is a free
radical-based process.”® That is to say, three active radicals
including hydroxyl radical (*OH), superoxide (*O, ) and holes
(h*) may involve in this photocatalytic degradation.®® Since etha-
nol can capture h' active free radicals in the photocatalytic
reaction, the most likely free radicals involved should be *OH
and *0,".%" To further make certain which free radical works, we
add p-benzoquinone (p-BQ, *O, " scavenger) and isopropanol (IPA,
*OH scavenger) to the ethanol solution of RhB for photocatalytic
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Fig. 6 Plots of C/Cy versus the irradiation time for the degradation of RhB (a) with the addition of TEMPO during the illumination, and (b) in the presence
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monitored at 550 nm versus the retention time. (e) *H NMR analysis of RhB before and after photocatalysis. (f) Schematic of mechanisms for the

photocatalytic reaction of RhB under light irradiation.

experiments, and their effects on the photocatalytic degradation
efficiency of RhB were measured and compared. As shown in
Fig. 6b, the IPA addition has little effect on the photocatalytic
degradation of RhB, indicating that *OH does not participate in
the degradation process. On the contrary, when p-BQ was added,
the photocatalytic degradation was completely blocked, which
suggests that *O,  plays an important role in the degradation
process. Moreover, we conducted the electron paramagnetic
resonance (EPR) spectra test at room temperature to further verify
the existence of *O, " in the photocatalytic system, in which 5,5'-
dimethyl-1-pyroline-N-oxide (DMPO) was used as the spin trapper.
As shown in Fig. 6c, no signal of *O,  was observed under
dark conditions, but the characteristic peaks of *O,” began to
appear after the light irradiation for 2 min. With the increase
of illumination time, the intensity of characteristic peaks also
increases, which suggests that more *O,  is produced under
added light irradiation. The above observations show that *O,~
plays a leading role in the photocatalytic process, which is
consistent with the results of active radical capture experiments
discussed above.

The degradation process of RhB was further studied by high-
performance liquid chromatography (HPLC). As shown in
Fig. 6d, with the increase of radiation time, the characteristic
HPLC peak of RhB at tx = 19.0 min gradually decreased and
finally disappeared and no obvious new HPLC peaks appeared,
which is consistent with the evolution trend of the ultraviolet-
visible absorption spectra over the degradation process of RhB.
Besides, the products after photocatalysis were examined by 1H
nuclear magnetic resonance (‘H NMR). As shown in Fig. 6e,
compared with the RhB dye before photocatalysis, it was found
that the characteristic peaks of H in the benzene rings of RhB

3722 | J Mater. Chem. C, 2023, 11, 3715-3725

dye molecules between 6.5 ppm and 9 ppm completely dis-
appeared after photocatalysis, which proved the decomposition
of the benzene ring in RhB; in other words, the complete
degradation of RhB. Based on the analysis of the above experi-
mental results, we propose the photocatalytic mechanisms of
superoxide radical (Fig. 6f), and the main reaction processes for
RhB degradation are described as follows:

Cs,MnBi,Cl;, + RhB — Cs,MnBi,Cl;, — RhB (RhB*) (1)
Cs,MnBi,Cl;, + iv - h™ + e~ 2)

e +0, - *0y” 3)

*0,” + RhB* — degradation products (4)

in which, RhB* means the activated dye molecules by
Cs;MnBi,Cl;,. First, Cs;MnBi,Cl;, activates the dye during
the adsorption-desorption equilibrium process. Then, under
UV light irradiation with photon energy higher than or equal to
the bandgap of Cs,MnBi,Cl;,, electron in the valence band (VB)
of Cs;MnBi,Cl;, can be excited to the conduction band (CB),
resulting in photogenerated e~ and h'. The electrons are
captured by oxygen molecules adsorbed on the surface of
catalyst particles or dissolved in solution to produce *O,  free
radicals, which then react with the activated dyes to form
mineralized products. Note that the long carrier lifetime of
Cs,;MnBi,Cl;, would contribute to the accumulation of *O,™
active radicals on its surface, providing more chance to degrade
RhB dyes, thereby resulting in excellent photocatalytic activity.

In order to further determine the degradation pathway of
RhB, the reaction solution was analyzed by HPLC-MS. Fig. S10
(ESIT) presents a series of MS spectra of the intermediates

This journal is © The Royal Society of Chemistry 2023
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during RhB degradation, and their corresponding molecular
formula are shown in Table S2 (ESIt). Based on the detected
intermediates, we illustrated the possible degradation pathway
of RhB. As shown in Fig. 7, in the photocatalytic degradation of
RhB, N-deethylation was the main step leading to the production
of series of intermediates.®>** Since the C-N bond in the whole
RhB molecule is the most unstable,®* it is most likely to be
oxidized, broken and removed. Considering that there are two
positions of C-N substituents in RhB molecule, so two ways of
breaking exist. Firstly, RhB molecule was attacked by the photo-
generated active radical (*O, "), which showed the breaking of
C-N bond and N-deethylation to obtain the product with m/z =
415. It continues to show the fracture of C-N bond, N-deethy-
lation to obtain the products with m/z values = 387, 359 and 331.
Note that the above degradation path shows a continuous
process of N-deethylation. The further oxidative degradation of
product with m/z = 331 showed an oxidative ring opening
process,®® and thus the products with m/z = 139 and 154 were
obtained. Finally, these compounds were further degraded into
small molecular compounds and eventually mineralized into
CO,, H,0, NO;~ and NH,". To sum up, the photocatalytic
degradation pathway of RhB dye by Cs,MnBi,Cl;, SCs mainly
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includes three stages: N-deethylation, ring opening, and
mineralization.

Conclusions

In conclusion, an alcohol based photocatalytic system was
successfully developed based on non-toxic Cs;MnBi,Cl;, for the
first time. The as-prepared Cs,MnBi,Cl;, SCs have the octahedral
shape with excellent crystallization. Joint experiment-theory char-
acterizations confirm the good thermal and light stability of
Csy;MnBi,Cly,. Under light irradiation, the Cs,MnBi,Cl;, SCs
exhibit an excellent photocatalytic activity, which could degrade
~97% organic dye RhB within only 7 min, and the degradation
efficiency has hardly decreased over ten successive cycles. Even
after the Cs,MnBi,Cl;, catalysts were stored in ambient air for
three months, they could function properly and the degradation
rate can be almost maintained. Moreover, we investigated the
photocatalytic mechanism and degradation pathway of RhB in the
present system. The results reveal that the *O,  active radical
plays a leading role in the photocatalytic process and the
degradation pathway involves three stages of N-deethylation,

HO. O
2L 00
\ltlH N O N

Ca4H23N,05"

Photocatalytic degradation pathways of RhB dye under light irradiation.
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ring opening, and mineralization. The nontoxicity, high photo-
catalytic efficiency, and robust stability of such Cs;MnBi,Cl;,
crystals make their future application in photocatalysis field a
real possibility.
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