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In this investigation, we have demonstrated the synthesis of lead-free CsSnBrz (CSB) and 5 mol% bismuth (Bi)
doped CSB (CSB'B) nanocrystals, with a stable cubic perovskite structure following a facile hot injection
technique. The Bi substitution in CSB was found to play a vital role in reducing the size of the nanocrystals
significantly, from 316 + 93 to 87 4 22 nm. Additionally, Bi doping has inhibited the oxidation of Sn®* of
CSB perovskite. A reduction in the optical band gap from 1.89 to 1.73 eV was observed for CSB'B and the
PL intensity was quenched due to the introduction of the Bi** dopant. To demonstrate one of the visible-
light-driven applications of the nanocrystals, photodegradation experiments were carried out as a test case.
Interestingly, under UV-vis irradiation, the degradation efficiency of CSB'B was roughly one order lower
than that of P25 titania nanoparticles; however, it was almost five times higher when driven by visible light
under identical conditions. The water stability of CSB'B perovskite and suppression of the oxidative
degradation of Sn were confirmed through XRD and XPS analyses after photocatalysis. Moreover, by
employing experimental parameters, DFT-based first-principles calculations were performed, which
demonstrated an excellent qualitative agreement between experimental and theoretical outcomes. The as-
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1 Introduction

Metal halide perovskites (MHPs), with the chemical formula
ABX; (where A and B are cations and X is a halogen anion), are
currently the subject of extensive research owing to their
attractive optoelectronic properties such as high absorption
coefficients, direct band gap, long carrier lifetime, high carrier
mobility, etc."> However, state-of-the-art perovskites such as
CH;NH;3PbI;, HC(NH,)Pbl;, etc., are limited in large-scale
commercialization due to the instability of organic A-site
cations and the probability of leaching carcinogenic Pb into
the environment.** As a result, significant effort is being made
to develop total inorganic, lead-free MHPs with enhanced
chemical stability. In this regard, several cations such as Sn(u),
Ge(u), Ag(1), Sb(ur), and Ti(v) are being widely investigated as the
potential replacement of Pb(i) ions.*” Among these candidates,
Sn(u) has attracted sincere attention since it shares the same
group in the periodic table and hence the same valence elec-
tronic configuration (ns® np®) as Pb.® Thus, total inorganic, Sn-
based perovskites such as CsSnX; exhibit similar or even
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somewhat better optoelectronic properties compared to their
lead-based counterparts.® Particularly, Sn-based perovskite
CsSnBr; has attracted attention owing to its better stability,
higher charge mobilities, and narrow band gap.****

Notably, several investigations revealed that, under direct
exposure to moisture, Sn in tin-based halide perovskites rapidly
transforms to Sn** from Sn>" resulting in a thermally stable but
optoelectronically inactive state."*® Therefore, the stability of
CsSnBr; requires further improvements. Among several
attempts to improve the stability of MHPs, substitutional
doping at the B-site with divalent or trivalent elements like
Mg™*, pd**, Sb**, Eu*’, Bi*', etc., has been reported as an
established strategy to fabricate stable Sn-based MHPs.*'*'*
Particularly, Bi doping at the B site of Sn-based MHPs has
reportedly demonstrated its ability to inhibit the phase transi-
tion, tune the optical band gap, increase the charge carrier
density, and thus enhance its optoelectronic performance.**™**

The synthesis of CsSnBr; with the desired phase is quite
challenging due to the strong moisture affinity of the core Sn
ions."*® A previous investigation®® reported the time and cost-
efficient synthesis of CsSnBr; via a mechanochemical route;
however, the agglomerated particles revealed their limitations.
In another investigation,* CsSnBr; was synthesized following
a chemical process, but it required a very long drying time to
obtain a powder sample. Among several techniques for the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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successful fabrication of CsSnBr; or similar perovskites, the hot
injection technique has been mentioned as a time-efficient
chemical approach in a number of previous investigations.**?*
This method has been reported to yield required materials with
improved morphology and stability, and especially the synthe-
sized samples were highly pure with good crystallinity.>***

In this present investigation, to improve the stability and
optical properties of CsSnBr; (CSB), a nominal amount of Bi
(5 mol%) was doped at the B-site. The doping percentage was set
at 5 mol% considering several earlier investigations, which
demonstrated the formation of secondary phases at higher
doping percentages.'®*® Both undoped and Bi-doped CSB
nanocrystals were synthesized following a facile hot injection
technique to extensively investigate their physico-chemical
properties. Notably, MHPs are being widely implemented in
various applications such as solar cells, light emitting diodes,
photodetectors, etc., because of their fascinating optoelectronic
properties.”” These characteristics also make MHPs suitable
candidates for photocatalytic applications involving the
conversion of solar energy into chemical energy.”® As a result,
the photocatalytic performance of these materials was widely
investigated. However, the most extensively studied MHPs for
photocatalytic applications such as organic dye degradation
and hydrogen production were mostly Pb-based.**"** To the best
of our knowledge, the photocatalytic performance of lead-free
Bi-doped CsSnBr; (CSB'B) prepared following the hot injection
technique is yet to be investigated. Therefore, in this study,
we have synthesized both CSB and CSB'B samples following the
hot injection technique with a promising morphology to
investigate and compare their physico-chemical properties, and
finally to assess their potential application in water remedia-
tion. We have investigated the photocatalytic performances of
the lead-free CSB and CSB'B samples following the degradation
of an organic dye. Additionally, we elucidated the dye degra-
dation mechanism by the CSB'B sample and its ability to
degrade the colorless pollutant ciprofloxacin to examine
whether the degradation is truly photocatalytic or due to a dye-
sensitizing effect. Moreover, the stability of such Sn-based MHP
systems in an aqueous medium is a major challenge; therefore,
we conducted XRD and XPS analyses on the collected catalyst
after the completion of the photocatalytic experiment to check
the water stability.

Notably, at the molecular level, it is quite challenging to
experimentally observe the effect of doping on various proper-
ties of nanocrystals. Therefore, by using experimentally ob-
tained parameters, we have performed Density Functional
Theory (DFT) calculations to provide some insights into the
effect of bismuth doping on the physical and photocatalytic
properties of the CSB sample."”**

2 Experimental and computational
details
2.1 Experimental

2.1.1 Materials. Cs,CO;3; (Sigma-Aldrich, 99.9%), SnBr,
(Sigma-Aldrich), BiBr; (Sigma-Aldrich, =98%), oleic acid (OA,
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Sigma-Aldrich, 90%), oleylamine (OAm, Sigma-Aldrich, 70%), 1-
octadecene (ODE, Sigma-Aldrich, 90%), n-hexane (PT Smart
Lab, research grade), ethyl acetate (EtOAc, PT Smart Lab,
research grade), polyvinylidene fluoride (PVDF, Sigma-Aldrich),
1-methyl-2-pyrrolidone (NMP, Sigma-Aldrich), and Na,SO,
(Sigma-Aldrich) were used as received without further purifica-
tion unless otherwise noted.

2.1.2 Synthesis method. The synthesis of CsSn;_,Bi,Br;
(where x = 0.00, 5.0, 10.0 mol%) was conducted using a facile
hot injection technique.?

2.1.3 Synthesis of Cs-oleate as the cesium precursor.
Cs,CO; (0.407 g), OA (1.3 ml), and ODE (20 ml) were loaded into
a 250 ml 3-neck flask and stirred under vacuum for 1 h at 120 °©
C. Afterward, the flask was purged with Ar gas for 5 min and
placed under a vacuum. This process of alternatively applying
a vacuum and an Ar flow was repeated a total of three times to
remove moisture and O,. The reaction was considered complete
when the solution appeared clear, indicating that all the Cs,CO3
had reacted with the OA.** The Cs-oleate solution in ODE was
stored in Ar until it was required for the next synthesis step.

2.1.4 Synthesis of colloidal CsSn, ,Bi,Br;. In this stage,
a stoichiometric amount of SnBr,, BiBr;, and 50 ml of ODE was
taken in a 250 ml flask (conc. 38 mmol) and degassed under
avacuum at 120 °C for 1 h. After that, the flask was placed under
a constant Ar gas flow, and 5 ml of OA and OAm were injected.
The flask was kept under vacuum again until the solutes (SnBr,
and BiBr;) dissolved completely, and the solution did not
release any gas. The Ar gas flow was restarted, and the
temperature was set to rise to 160 °C. At this stage, Cs-oleate (8
ml) pre-heated to 70 °C was swiftly injected into the reaction
mixture. After a fixed time (cut-off time), the reaction was
quenched by the immediate immersion of the flask into an ice-
cooled water bath.

2.1.5 Isolation of the prepared samples. The solvent-anti-
solvent precipitation method** was implemented for the sepa-
ration of the prepared materials and EtOAc was chosen as
a suitable antisolvent for the isolation method. At first, the as-
prepared colloidal solution containing CsSn;_,Bi,Br; was
mixed with EtOAc at a ratio of 1: 3 and centrifuged at 8000 rpm
for 5 min. Next, the nanocrystals were redispersed in a solution
containing n-hexane and EtOAc at a ratio of 1 : 2 and centrifuged
for 5 min. Afterward, the supernatant was discarded and the
precipitation was disseminated in 20 ml of EtOAc and centri-
fuged again at 8000 rpm for 5 min. The supernatant was dis-
carded and the precipitation was again dispersed in 5 ml of n-
hexane and centrifuged at 8500 rpm for 5 min. Finally, the
supernatant was collected as the purified products. Fig. 1 shows
the schematic synthesis steps for the preparation of CSB
nanocrystals.

2.2 Characterization

The crystal structure of the as-prepared samples was investi-
gated by obtaining their powder XRD patterns using a diffrac-
tometer (Rigaku SmartLab) with a Cu X-ray source (wavelength,
A = Koy = 1.5405 A and Ko, = 1.5418 10\). Furthermore, the
crystallographic parameters and phases of the synthesized
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Fig. 1 Schematic representation of the synthesis steps of CSB nanocrystals using the hot injection technique.

perovskites were analyzed by Rietveld refinement of the XRD
pattern using FullProf software.** The thermal stability of the
prepared samples was characterized by thermogravimetric
analysis (TGA) under an N, atmosphere at a heating rate of 10 °©
C min~". The surface morphology and elemental composition
of the CSB and CSB'B samples were investigated using field
emission scanning electron microscopy (FESEM) (JEOL, JSM-
7600F, Japan). Further investigation on the morphology was
carried out using transmission electron microscopy (TEM)
(Talos F200X, Thermo Fisher Scientific, USA). Additionally, the
SAED pattern was analyzed using the CrysTBox software suite.*®
The chemical states and binding energy of the individual
elements were characterized by X-ray photoelectron spectros-
copy (XPS) (Thermo Fisher Scientific, USA). Moreover, an
ultraviolet-visible (UV-vis) spectrophotometer (UV-2600, Shi-
madzu, Japan) was used to obtain the reflectance and absor-
bance spectra of the prepared samples. The steady-state
photoluminescence (PL) spectra of the samples were obtained
using a photoluminescence spectrofluorophotometer (RF 6000,
Shimadzu, Japan) with an excitation wavelength of 400 nm at
room temperature. The photocatalytic dye degradation
efficiency of CSB and CSB'B was evaluated via the degradation
of rhodamine B (RhB), and ciprofloxacin (CIP) under solar
irradiation. The details of the photocatalytic experiments are
provided in the ESI (S1-S31). Mott-Schottky measurements
and electrochemical impedance spectroscopy (EIS) of CSB and
CSB'B samples were performed at room temperature via an
electrochemical workstation (Autolab PGSTAT302N, Metrohm,
Germany) using a standard three-electrode system. The details
of electrochemical measurements are addressed in ESI S4.7

2.3 Water stability assessment

The water stability of the as-synthesized photocatalyst was
evaluated after photocatalysis. Following the completion of the
photocatalytic experiments, the residue was washed three times
with ethanol to separate the photocatalyst from the pollutants
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and then dried at 150 °C for 2 h. The obtained product was
subsequently analyzed employing XRD, UV-vis absorbance, and
XPS techniques.

2.4 Computational framework

The electronic band structure, density of states, and optical
properties of CSB and CSB'B nanocrystals were investigated
using DFT calculations employing both the standard general-
ized gradient approximation (GGA) and GGA+U methods based
on the PBE gradient corrected exchange-correlation func-
tional.*® The calculations were performed by implementing the
experimentally obtained structural parameters. Accordingly, the
pristine CsSnBr; unit cell was optimized in its cubic phase. In
order to observe the impact of Bi** doping, a 2 x 2 x 2 supercell
of CSB replaced one Sn atom with one Bi atom, which resulted
in 12.5% doping. In this investigation, the DFT-based plane
wave pseudo-potential (PWPP) as implemented in the Cam-
bridge Serial Total Energy Package (CASTEP) was used.”” A
kinetic cut-off of 500 and 312.9 eV was used for describing the
unit cell and doped supercell, respectively. Additionally, Mon-
khorst-Pack grids of 12 x 12 x 12 and 6 X 6 x 6 k mesh were
implemented for the optimization of the formulated unit and
supercell. The convergence thresholds for the geometry opti-
mization were (a) a total energy of 5.0 x 10~ ° eV per atom, (b)
a maximum force of 0.01 eV A™", (c) a maximum stress of
0.02 GPa, and (d) a maximum displacement of 5.0 x 10~° A,

3 Results and discussion

3.1 Experimental investigation

3.1.1 Crystal structure analysis. The Rietveld refined*® XRD
spectra of the synthesized samples are illustrated in Fig. 2 and
the structural parameters of the as-synthesized nanocrystals as
obtained via the refinement have been tabulated in Table 1.

For the CSB sample, all the diffraction peaks are indexed to
a cubic perovskite phase (space group Pm3m) witha =b = ¢ =

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Comparison between the observed and calculated XRD
patterns of (a) CSB and (b) CSB'B samples.

6.052 A and o = 8 = y = 90°. The prominent peaks at 29.46°,
42.16°, 52.27°, and 69.31° are attributed to the (200), (220),
(222), and (420) crystal planes (JCPDS file no. 70-1645) of the
CSB sample, respectively.*® Additionally, no undesired peaks
were found in the XRD pattern indicating the successful
synthesis of phase-pure CSB followed by the hot injection
method. Moreover, the similar XRD patterns of the CSB and
CSB'B samples (Fig. 2(b)) suggested that the doping did not alter
the periodic arrangement of the lattice.*® However, a higher
doping concentration of 10% led to the emergence of an
impurity peak in the XRD pattern (ESI (Fig. S11)), which was also
reported in an analogous investigation.'® Since the synthesis
environment in the hot injection technique was maintained
strictly, the impurity peak in the XRD pattern of the 10% doped
Bi sample can merely be attributed to the formation of a newly
formed compound, which might lead to erroneous results.'**'
Hence, we conducted further characterization of the CSB and
5 mol% Bi-doped CSB samples only.

Notably, based on previous investigations,*>** we expected
a lattice shrinkage due to the incorporation of Bi** having
a smaller effective ionic radius of 0.103 nm than Sn** (0.110
nm).** However, in this investigation, we have observed that
compared to CSB, the peaks of CSB'B shifted toward lower 26
values (ESI Fig. S21), suggesting a lattice expansion. This
unusual phenomenon can be ascribed to the stereochemical
activity of the dopant, bismuth.* For a better understanding of
how stereochemically active bismuth caused volume expansion,
the partial density of states of bismuth-doped samples was
calculated using DFT, which will be discussed in the Theoretical
investigation section. The calculation revealed that the Bi*" 6s
and 6p orbitals became hybridized with Br~ 2p orbitals, which
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led to the formation of a strong covalent bond and the resulting
structural strain of the original [SnBrs]*~ framework is released
by elongating the lattice parameters. For comparing the struc-
tural strain in the synthesized samples, the extent of micro-
strain was quantified by analyzing the three major peaks of the
diffraction patterns of both CSB and CSB'B samples imple-
menting the Williamson-Hall method*® and is depicted in the
ESI (Fig. S31). From the calculation, it was evident that the
bismuth doping almost doubled the structural strain and the
consistent increase indicates that the strain was uniform in
nature throughout the lattice, which led to the expansion of the
unit cell volume of the CSB'B sample. Furthermore, the change
in structural stability was theoretically predicated using the
Goldschmidt tolerance factor (t)*” stated as:

— Ra x
V2R x

where R,_x and Rp_x are the bond lengths between A and X, and
B and X ions, respectively. The bond lengths were obtained from
the Theoretical investigation part and the calculated t value for
the CSB sample was 0.940, which agrees with a previously re-
ported result*® and the tolerance factor slightly increases to
0.943 owing to the incorporation of bismuth. This result indi-
cates that the CSB'B sample should exhibit better structural
stability than the CSB sample.

3.1.2 Chemical state analyses. In order to investigate the
doping effect of Bi** on the CSB perovskite, we have character-
ized the CSB'B sample using XPS. The XPS full survey spectrum
of CSB'B nanocrystals has been illustrated in Fig. 3(a) which
verified the presence of all the desired elements. The Bi 4f peak
(Fig. 3(b)) revealed the presence of the dopant bismuth in the
CSB'B sample and the peaks at ~159.1 and ~164.9 eV indicated
that the dopant has a +3 oxidation state.*” For Cs 3d, two
distinct peaks can be observed at the binding energies of ~726.4
and ~740.3 eV (Fig. 3(c)). The Cs 3ds, and Cs 3ds, states
indicated that Cs was present in a +1 state.*® Moreover, Fig. 3(d)
reveals the core level spectra of the Sn 3d orbital. The observed
peaks at ~486.4 and ~494.8 eV were fitted with Gaussian fitting
where the difference between the peaks indicated the presence
of the Sn** state only.* Thus, it can be anticipated that Bi
doping has inhibited the oxidation of Sn**, which is regarded as
the most common problem in CsSnBr; related to optoelectronic
applications. It is noteworthy that the Sn 3ds/, and 3d;/, peaks
slightly shifted toward lower binding energy than the reported
value of Sn in CsSnBr;.** These shifts signify the change in
chemical bonding properties due to the incorporation of Bi**.?
Therefore, from both XRD and XPS results, it can be verified
that the dopant Bi*" has been effectively substituted in the
CsSnBr; lattice rather than only physical mixing.*>**

(1)

Table 1 Structural parameters of CSB and CSB’B nanocrystals as obtained via Rietveld refinement of the XRD pattern

Sample Lattice parameters (A) Unit cell volume (A%) Space group Goodness of fit (x?)
CSB 6.052 221.757 Pm3m 2.54
CSB'B 6.066 223.236 Pm3m 1.88

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Full survey spectrum of XPS analysis; narrow spectra of (b) Bi
4f, (c) Cs 3d, (d) Sn 3d (dashed grey lines are the peak values from ref.
21), and (e) Br 3d for the CSB'B nanocrystals.

Furthermore, the Br 3d core level peak was deconvoluted into
two symmetric Gaussian peaks at ~68.4 and ~69.7 eV (Fig. 3(e)).
The peak of lower binding energy is associated with the Br 3d5,,
state and the higher one is with the Br 3d;,, state.®

3.1.3 Thermal stability analysis. To study the effect of
bismuth doping on the thermal properties of the CSB perov-
skite, thermogravimetric analysis on both pristine and doped
samples was carried out and is presented in Fig. 4. Both CSB

100
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CSB'B

Weight %

CSB
92 4

88

100 200 300 400
Temperature (°C)

Fig. 4 TGA curves of CSB and CSB'B samples.
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and CSB'B showed a very similar as well as nominal weight loss
tendency over a wide range of temperature, from 30 to 200 °C.
This weight loss can be attributed to the evaporation of residual
water and organic species, in particular organic ligands used in
the synthesis and purification processes.*>*” From Fig. 4, it can
be observed that the inflection temperature of CSB'B is around
200 °C, which is lower than that of CSB (~290 °C). Interestingly,
above the inflection temperature, the CSB'B sample showed
linear weight loss, whereas a sharp decrease was observed for
the CSB sample. This rapid declination indicates the sublima-
tion of the CSB sample.?® On the other hand, the linear weight
loss of CSB'B above the inflection temperature represents its
superior thermal stability, which is in good agreement with the
theoretically predicted structural stability factor as we demon-
strated in the Crystal structure analysis section. This superior
stability of the CSB'B sample might be due to its reduced
cuboctahedral void due to the substitution of Sn by smaller Bi
ions.*” From eqn (1), it is obvious that the atomic radius of Sn
and Br governs the size of [SnBrg]'~ octahedra, hence deter-
mining the size of the cuboctahedral void for Cs cations. When
the large Sn atoms were replaced by smaller Bi atoms, the
cuboctahedral void reduced resulting in a more stable cubic
crystal structure than the CSB sample, which was evident from
the smaller weight loss in TGA analysis (Fig. 4).

3.1.4 Morphological and elemental analyses. From the
morphological analysis conducted initially by FESEM imaging,
it can be observed that the CSB sample Fig. 5(a) consists of
agglomerated as well as larger crystals of ~316 nm. However,
a radical change has been observed due to the incorporation of
bismuth, and the synthesized nanocrystals became less
agglomerated and the average particle size reduced to ~87 nm
(ESI Fig. S4t). Although the reaction cut-off time for synthe-
sizing the sample was strictly maintained to be equal, this
reduction in particle size indicates that the doping might have
inhibited the crystal growth. When the dopants were introduced
into the precursor solution, they acted as foreign elements, and
the crystal formation had to occur along with the dopants.* In
the case of CSB'B, the ionic radius of the substituent Bi is
smaller than that of Sn (0.110 nm for Sn** and 0.103 nm for Bi*")
and Bi is more electronegative than Sn (2.02 for Bi and 1.96 for
Sn). The more electronegative element Bi is less reactive than
Sn, which in turn reduced the growth rate of CSB'B,* leading to
the formation of small-sized particles with an average size of
~87 nm.

EDX analyses demonstrated the presence of all the required
elements in the as-synthesized samples. The mass and atomic
percentages of each element in CSB and CSB'B as obtained from
EDX were consistent with the theoretical values and are
provided in ESI Tables S1 and S2.1 Moreover, the presence of all
the desired elements (Cs, Bi, Sn, and Br) was also observed in
the XPS full survey spectra (Fig. 3(a)) demonstrating that the
elemental compositions of CSB'B fitted well with that observed
from EDX analysis. Fig. 6 shows the high-resolution TEM
images and SAED patterns of the as-synthesized CSB and CSB'B
samples. The calculated inter-planar spacing was found to be
0.302 and 0.303 nm, for CSB and CSB'B, respectively, which
matched well with the (200) crystal plane of the respective

© 2023 The Author(s). Published by the Royal Society of Chemistry
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| 300 nm

Fig. 5 FESEM images of (a) CSB and (b) CSB'B samples, respectively.

samples. The slight increase in the inter-planar spacing
measured for the (200) plane of CSB'B further validated the
trend of increasing lattice parameters observed in the XRD
analysis. Moreover, the bright diffraction rings in the repre-
sentative SAED patterns (Fig. 6(c) and (d)) revealed the poly-
crystalline nature of both samples. The diffraction rings of
both samples could be assigned to the (200), (211), (220), and
(420) crystal planes, which are in agreement with the XRD
results. The interplanar spacings or d-spacings obtained by
analyzing the SAED patterns of the prepared samples were
further compared with those obtained from the XRD pattern of
the pristine sample and are tabulated in the ESI (Table S37).
3.1.5 Optical properties. From the optical absorbance curve
of the as-synthesized samples, as depicted in Fig. 7(a), it can be
stated that the CSB'B sample was able to absorb a higher
percentage of UV photons compared to the CSB one. This
superior UV absorption ability suggests that the CSB'B material
can utilize solar energy more efficiently than the CSB sample.
Notably, a sharp peak near ~380 nm indicates that a trace
amount of bismuth has the ability to modify the electronic
transition of CSB perovskite. This peak can be attributed to the
characteristics 5s> to 5s'5p" absorption transitions of [BiBre]*~
octahedra. An electronic transition in the ions with lone pair ns*
has been reported to occur via five different energy levels,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(420)

(220)
(211)
(200)

Fig. 6 Bright field HRTEM images and SAED patterns of (a) and (c) CSB
and (b) and (d) CSB'B samples.

including the ground state ('S,) and the excitation state (sp),
which further splits into four energy levels, namely, 'P;, *Pq, *Py,
and *P,.*' In between those energy levels, the transition between
'Sy and 'P; is allowed, and the 'S, to *P; transition is partially
allowed due to spin-orbit coupling for heavy atoms, while the
'Sy to *P, and 'S, to P, transitions are totally forbidden.
Therefore, the absorption peak at ~380 nm can be attributed to
the partially allowed transition from 'S, to *P; of Bi*".

Next, the absorbance data were employed to determine the
direct band gap of the prepared samples using the Tauc rela-
tionship.?*** From the Tauc plots (Fig. 7(b)), the optical band
gaps were estimated to be ~1.89 and ~1.73 eV for CSB and
CSB'B, respectively, suggesting that bismuth doping at the Sn
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Fig.7 Optical absorption spectrum of (a) CSB and CSB’'B, (b) Tauc plot,
(c) steady-state PL spectra for the prepared samples (inset shows a PL
peak shift due to doping), and (d) Nyquist plots of CSB and CSB'B.
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site of CsSnBr; perovskite has narrowed down the band gap of
the respective sample. In the theoretical calculation part of this
investigation, the detailed mechanism of this band gap reduc-
tion has been explained.

After comprehending the effect of Bi doping on the CSB band
gap, we investigated how this modification affected the mate-
rials’ photoluminescence properties. Fig. 7(c) illustrates the PL
emission spectra of CSB and CSB'B samples suspended in
ethanol, where the pristine CSB showed higher emission
intensity than the Bi-doped CSB'B sample. Doping is antici-
pated to increase the energy levels reducing the band gap and
simultaneously decreasing the recombination rate of electrons—
holes due to which intensity decreases and peaks become
broader as can be seen in Fig. 7(c).

Additionally, we have observed a difference between the
band gap calculated from UV-vis absorbance (1.73 eV) and PL
peak energy (1.84 eV) for the CSB'B sample (Fig. 7(b) and (c)).
This difference in the absorbance edge and PL peak might be
attributed to ‘Stokes Shift’ which was also reported by analo-
gous investigations on halide perovskite materials.®*** More-
over, previous studies®*®” reported that PL intensity is inversely
proportional to the charge carrier separation efficiency of the
sample, and hence, the suppressed PL intensity of the CSB'B
sample indicates its better charge separation ability. This
enhanced charge separation ability is expected to directly
influence the photocatalytic properties of the doped sample.®
In order to further support the enhanced charge separation of
the CSB'B sample, EIS was carried out and the results are
depicted in Fig. 7(d). The smaller Nernst radius of the CSB'B
sample in Fig. 7(d) indicates a lower charge transfer resistance
compared to that of CSB, demonstrating the highest charge
transfer efficiency.*®”°

3.1.6 Analyzing band-edge positions. To assess the poten-
tiality of CSB and CSB'B samples in a practical application ie.,
the photocatalytic dye degradation, at first, the band edge
positions were estimated by adopting the Mulliken electroneg-
ativity approach.” The conduction band minimum (CBM) and
valence band maximum (VBM) potential vs. the normal
hydrogen electrode (NHE) of the CSB sample were calculated to
be —0.18 and +1.71 eV, respectively. The Bi doping caused the
shifting of the CB toward a lower position and the VB to a higher
position, and thus for the CSB'B sample, the values of the CBM
and VBM were found to be —0.1 and +1.63 eV, respectively. An
energy band diagram provided in Fig. 8(a) based on the results
from the Mulliken electronegativity approach depicts the values
of the CBM and VBM along with the redox potentials of different
redox half reactions of interest.

To experimentally obtain band edge positions, Mott-
Schottky analysis was carried out at a frequency of 200 Hz and
the results are depicted in Fig. 8(b). The quasi-linear behavior as
observed in Fig. 8(b) indicates the characteristics of n-type
semiconductors.”” Considering the negligible difference
between the flat band (V) and the conduction band for n-type
semiconductors, the determined Vg, can be approximated as the
CB edge (Es, = Vp,)-°® Hence, the CB potentials of CSB and
CSB'B are located at —0.35 and —0.22 V vs. Ag/AgCl, which are
further converted into —0.15 and —0.02 vs. NHE according to
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Fig. 8 Band-edge positions adopted from (a) Mulliken electronega-
tivity calculation and (b) Mott—Schottky plots for CSB and CSB'B
samples.

the equation Exyg = Eag/agct + 0.197.”* Compared to the CSB
sample, the CB potentials of the CSB'B sample show a down-
ward shift, which can be attributed to the effect of Bi doping.
Additionally, the smaller slope of the CSB'B sample indicates
a higher carrier concentration due to the substitution of Sn**
with Bi**, which acts as an electron donor. The valence band
level of CSB and CSB'B is calculated by using E, + Ecp, to be 1.74
and 1.71 eV, respectively. Although a difference was observed in
the theoretical and experimental band edge positions, the trend
of lowering the conduction band was observed in both cases.

It is known that, for an ideal overall water-splitting reaction
to occur, the VB and CB edge positions of a semiconductor must
straddle the water oxidation and reduction potentials (CBM <
0 and VBM > 1.23 eV).”* Clearly, both the CBM and VBM
potentials as obtained from Mulliken electronegativity and
Mott-Schottky approaches of the prepared samples satisfy the
required criteria, which indicates their promising potential for
photocatalytic water splitting.”>”® Another possible application
of the as-synthesized nanocrystals could be converting CO, into
fuels like ethanol and methane.””

3.1.7 Photocatalytic performance evaluation. To demon-
strate the solar light driven application of the synthesized
nanocrystals, their photodegradation ability toward the degra-
dation of a commonly used dye, RhB, was evaluated as a test
case. For thorough investigation, the dye degradation perfor-
mance of CSB and CSB'B was tested under both UV-vis and
visible spectra and the performances were compared with that
of a commercially available photocatalyst, P25 titania. Before
including any photocatalyst in the dye solution, the self-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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decomposition rate of RhB was determined under identical
conditions and only 4% RhB degradation was recorded after
240 min, which is in good agreement with a previous study.®
From the absorbance curve depicted in Fig. 9(a) and (b), it
can be observed that the peak intensity of the spectra was
reduced with respect to time following a hypsochromic shift,
which indicates the deterioration of RhB solution under the UV-
vis spectrum due to the inclusion of CSB and CSB'B samples,
respectively. Previous investigation® on the photodegradation
performance of halide perovskite has reported that RhB
commonly degrades in two competitive and co-existing path-
ways: (1) destruction of the conjugated structure of RhB and (2)
N-deethylation, the formation of N-deethylated intermediates in
a stepwise manner during the degradation process. Accord-
ingly, the reduction in the peak intensity and the hypsochromic
shift observed in Fig. 9(a) and (b) indicates that the RhB
degraded in both pathways. Additionally, a similar trend of
declining peak intensity was also noticed in the UV region of the
absorbance curve (ESI Fig. S5t), further confirming the
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destruction of the xanthene rings of RhB.”® Moreover, from
Fig. 9(c), a proportional relationship has been observed between
the degradation efficiency and peak shift of absorption spectra
suggesting that the N-deethylation process plays a vital role after
a certain period. However, when the CSB'B sample was used, the
smallest peak shift indicated that the N-deethylation process
was the least among all the other photocatalysts. In order to
determine the degradation efficiency of the samples, C/C, vs.
irradiation time was plotted (Fig. 9(d)), where C, is the initial
concentration of RhB solution and C is the concentration at
a specific time, ¢ (30-240 min). Evidently, for the CSB'B sample,
the degradation efficiency was better compared to the CSB
sample, which could be ascribed to the smaller particle size and
reduced band gap as well as the increased e~ and h* recombi-
nation rate of CSB'B due to Bi doping. Noticeably, under UV-vis
illumination, P25 nanoparticles showed a significantly higher
RhB degradation rate compared to the synthesized nano-
crystals, which could be due to their smaller particle size of
25 nm as well as the wide band gap of ~3.0 eV.”” However, this
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Fig. 9 Spectral changes during the deterioration of RhB solution utilizing (a) CSB and (b) CSB’B nanocrystals under UV-vis irradiation, (c) peak
shift observed in the absorbance spectrum of RhB solution for different photocatalysts, and (d) the degradation efficiency of different photo-

catalysts as a function of irradiation time.
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large band gap of P25 nanoparticles has limited their applica-
tion only to the UV region (A < 400 nm), which comprises ~4%
of the solar energy.*®

Therefore, the performance of the synthesized samples and
P25 was evaluated under visible irradiation which comprises
42.3% of the solar spectra, and the results are displayed in
Fig. 10. Noticeably, the peak shift of RhB absorbance spectra
was also observed under visible irradiation (Fig. 10(a)), but in
this case, the shift was less prominent suggesting the destruc-
tion of the conjugated structure to be the main pathway under
visible light. Interestingly, under visible irradiation, a drastic
reduction in the degradation efficiency (Fig. 10(b)) was observed
for P25, which is obvious because of its wide band gap. Notably,
the CSB'B sample retained almost 50% of its initial degradation
rate under visible irradiation, and the performance of the Bi-
doped sample still surpassed that of the pristine one. The
profound photocatalytic activity of the Bi-doped CSB photo-
catalyst under visible irradiation suggests its potential utiliza-
tion in visible light-mediated applications. Additionally, the
experimental data were fitted to a pseudo-first-order kinetics
model for quantitative investigation of the kinetics of RhB dye
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Fig. 10 (a) Peak shift observed in the absorbance spectrum of RhB
solution for different photocatalysts and (b) degradation efficiency of

RhB as a function of irradiation time for different photocatalysts under
visible irradiation.
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degradation under solar irradiation.®* The calculated rate
constants (k) for the degradation of RhB using P25 and the as-
synthesized photocatalysts were calculated and values are
inserted in ESI Table S4.7

To monitor the dye sensitization phenomena under simu-
lated solar irradiation, the decomposition rate of a colorless
pollutant, CIP, using the CSB'B sample was also investigated. As
can be seen in ESI Fig. S6,1 almost 72% degradation of CIP was
monitored under UV-vis irradiation. These results clearly
showed the degradation performances of the as-synthesized
photocatalysts were governed by photocatalysis rather than
dye sensitization, as the colorless CIP is unable to sensitize
a photocatalytic reaction under solar illumination.**

3.1.8 Stability of the photocatalyst. Noticeably, metal
halide perovskites are unstable upon moisture and water
exposure, and the stability issue ultimately limits their photo-
catalytic and related applications in an aqueous environment.
In recent years, evidence of water stability in lead-free metal
halide perovskites was reported. Particularly, some Bi-based
and Sn-based perovskites have shown promising photo-
catalytic properties, and they were stable in water.®*** There-
fore, in this investigation, the water stability of the nanocrystals
was checked utilizing the recovered CSB'B powders after the
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Fig. 11 (a) XRD patterns and (b) narrow scan XPS spectra of the Sn 3d

orbital before and after photocatalytic degradation of RhB in an
aqueous medium by the CSB'B sample.
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photocatalytic degradation of RhB dye that underwent XRD
analysis (Fig. 11(a)). Comparing the XRD patterns of CSB'B
before and after photocatalysis, we may claim that the material
kept its original crystal structure even after 4 hours of solar
irradiation in aqueous medium. In addition, we have captured
the UV-vis absorbance spectrum of the CSB'B sample before and
after catalytic treatments in water. Interestingly, the optical
band gap of the CSB'B sample after photocatalysis was ~1.72 eV,
which is very close to the optical band gap (1.73 eV) prior to the
use of the material in photocatalysis.

According to previous reports,'**® the oxidation of Sn** to
Sn** also limits the performance and stability of Sn-based
MHPs. Additionally, a recent investigation clearly demon-
strates that metal doping suppresses the oxidation of Sn*" to
Sn*" in lead-free perovskites, which in turn may stabilize tin-
based halide perovskites.*” Therefore, for a further confirma-
tion of the water stability of Bi-doped CSB'B perovskite and
suppression of the oxidative degradation of Sn, XPS analysis of
the synthesized material was performed after photocatalysis.
Fig. 11(b) shows the Sn 3d spectra of the as-prepared sample
(red line) and the sample after photocatalysis (green line). The
overlapping spectra, with an unchanged shape and position of
the peak (Sn 3ds/, at ~486 eV), clearly demonstrate that the as-
synthesized CSB'B is stable under aqueous medium and also
confirms the +2 oxidation state of Sn without any evidence of
oxidation of the sample. Based on a previous investigation,* we
assume that upon coming into direct contact with water, some
of the CSB'B breaks into constituent Cs* cations and SnBr, and
BiBr, complex anions.®® These complexes might form strong
bonds with the water molecules, creating an amorphous surface
layer.* This amorphous surface layer protected the rest of the
core CSB'B nanocrystals from degrading. As a result, the sample
was able to retain its structural, optical properties, and oxida-
tion state as well and it was able to produce enough electron-
hole pairs for the photocatalytic pollutant degradation process.
Our experimental findings provide the evidence of the water
stability of the CSB'B material after photocatalysis.

3.1.9 Photocatalytic dye degradation mechanism. To
elucidate the underlying mechanism for the dye degradation
reactions, we have performed active species trapping experi-
ments under UV-vis irradiation and the results are depicted in
ESI Fig. S7.1 From the figure, it can be observed that when IPA
was used to quench the "OH, there was no significant change in
the degradation rate, which was expected due to the smaller
VBM potential of the synthesized materials. Additionally, as
observed from supplementary Fig. S7,T when the electrons and
‘0O,~ were quenched, the degradation drops to about 60%,
which was about 80% without using any scavengers. It can be
anticipated that, when the photo-generated electrons were
trapped, they could not react with the O, adsorbed on the
surface to form superoxide radicals ('O, ). Furthermore, when
superoxide radicals were confined using acrylamide, they were
unable not take part in the degradation reactions to break the
dye molecules. As a result, the photocatalytic dye degradation
efficiency drops noticeably. Interestingly, the presence of
EDTA-2Na (hole scavenger) suppressed the degradation
performance drastically, which revealed that the holes were the
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major species for the dye degradation. According to previous
investigations,®®* holes can directly oxidize the dye molecules
using the following series of chain reactions:

Photoexcitation: CSB'B + hv — e~ + h* (2)
Photoexcited e~ scavenging: (05).qs + €~ — ‘05~ (3)

Degradation by O, : pollutants + "O,” — degradation
product (4)

Degradation by photoholes: pollutants + h* — [pollutant]” (5)
[Pollutant]” — degradation product (6)

This pathway is thermodynamically feasible when the
oxidative potential of the dye is lower than the semiconductors’
VB edge.”>* Since, the oxidative potential of RhB (1.36 €V vs.
NHE, pH = 0)”® is lower than the valence band of both samples
(1.74 and 1.71 eV for CSB and CSB'B, respectively), both of the
samples are able to directly oxidize the organic pollutant RhB
and subsequently degrade the dye into less harmful by-
products. In all the photocatalytic degradation experiments,
the CSB'B sample performed better than the CSB sample under
both UV-vis and visible irradiation. This superior performance
can be attributed to a couple of factors such as the smaller band
gap, which allows the absorption of a wider range of the solar
spectrum, smaller particle size, and the newly formed shallow
state in the CB due to Bi doping (Fig. 14), which might have
acted as an electron trapping site and captured the excited
electrons to enable the e ~h" separation. As a result, the pho-
togenerated electrons migrated from the Bi dopant to the
surface of the photocatalyst could react with the absorbed
oxygen and then reduce it to superoxide radicals.

Bi + e~ — e (trapped) (7)
e (trapped) + O, — 'Oy~ (8)

These radicals will react with the pollutant promoting the
total degradation rate. Fig. 12 shows a schematic dye degrada-
tion mechanism of the CSB'B photocatalyst.

3.2 Theoretical investigation

The introduction of Bi*" into the CSB lattice has resulted in
several noticeable modifications in the structural, morpho-
logical, optical, and photocatalytic properties of the pristine
sample as stated in the aforementioned Experimental
sections. These findings further inspired us to investigate the
effect of doping at the atomic level. Notably, it is very difficult
to experimentally observe the doping effect at such an
elementary level. Therefore, in this investigation, DFT-based
first-principles calculations were performed to analyze the
effect of doping on the electronic band structures and optical
properties of CSB and CSB'B samples using experimentally
obtained parameters.

3.2.1 Density of states of CSB and CSB'B perovskites. The
unit cell volume expansion as well as the reduction in particle
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Fig. 12 Schematic representation of the proposed dye degradation mechanism by the CSB'B sample.

size due to doping can be well explained by performing partial
density of states (PDOS) calculations using the GGA method on
both CSB and CSB'B samples. From Fig. 13(a), it can be observed
that the VB (Er < 0 eV) of the CSB sample is made up of the
hybridization of Br 4p and Sn 5p orbitals, with the majority of
the contribution coming from Br 4p states. On the other hand,
the CB (Er > 0 eV) was dominated by the Sn 5p orbital, with
a minor contribution from Cs 6s.

Notably, from the calculated PDOS of the CSB'B sample
(Fig. 13(b)), it can be observed that the dopant bismuth had an
influence on both the CB and VB. To be precise, the VB of the
CSB'B sample has an additional contribution from the Bi 6p
orbitals, and still, the major contribution was from Sn 5p.
Although the 5p orbital has lower energy than the 6p orbital,
when the redox potential and electronegativity of Bi are taken
into account, the empty Bi-6p orbital has lower energy than the
empty Sn-5p orbital."”** As a result, the bottom edge of the CB
shifts downward due to bismuth doping. Additionally, a shallow
state made up of the hybridization between Bi 6p and Br 4p (as
observed in the magnified image of Fig. 13(b)) has appeared in

the CB, which indicates the formation of a new bond (details of
this bond nature are discussed in ESI S5t) between the dopant
and surrounding halogen anions. The formation of the new
bond might be responsible for lowering the experimentally
obtained optical band gap of the CSB'B sample.

3.2.2 Electronic band structures and optical properties.
From the calculated band structures for CSB and CSB'B samples
(Fig. 14), it was found that the bismuth doping has reduced the
electronic band gap from 0.686 to 0.469 eV. This reduction in
the band gap might be attributed to the appearance of new
energy bands in the conduction level. In addition to that, the
newly emerged electronic bands in the CB might have acted as
electron trapping sites, which in turn enhanced the photo-
catalytic performance of the CSB'B sample by trapping the
photogenerated electrons and reducing the recombination of
electron-hole pairs.®*>° This result of suppressed recombi-
nation is also in good agreement with the findings from PL
spectroscopy. Furthermore, the theoretical calculations
revealed that the optical band gap of CSB and CSB'B samples is
1.23 and 1.02 eV, respectively. Comparing the experimental and
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Fig. 14 The calculated electronic band structure of (a) CSB and (b)
CSB'B samples.

theoretical values of the optical band gaps, a deviation of ~35%
was observed. Such underestimation of the optical band gap
was also observed in similar GGA-based calculations on analo-
gous materials.”*®” The obtained values of the structural, elec-
tronic, and optical properties of CSB and CSB'B samples
calculated using the GGA functional are tabulated in ESI Table
S5.1

Notably, regardless of the underestimation, the reduction
nature of the optical band gap due to doping is in good quali-
tative agreement with the experimentally obtained values. The
underestimation tendency of the GGA method in calculating the
optical band gap has inspired us to conduct additional
computations considering the effect of on-site Coulomb inter-
action and exchange-correlation functions (Ueg) on the CSB
sample in order to improve the accuracy of the theoretical
calculations. The obtained values of the structural, electronic,
and optical properties of the CSB sample for different Ues values
are tabulated and illustrated in the ESI (Table S6, Fig. S9, and
S107). It is worth noting that, as the value of U increases, the
theoretical predictions get closer to the experimentally obtained
values, and at Ueg = 4 eV, the calculated structural parameters,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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optical and electronic band gaps agree well with the experi-
mentally obtained values.

However, using the GGA+U method to account for on-site
Coulomb interaction and exchange-correlation functions
significantly increased the computational cost, limiting this
study to investigating the effect of U.¢ on the CSB sample only.
Nevertheless, based on the results achieved for the CSB sample,
we have anticipated that the calculation incorporating Ueg on
the Bi-doped sample might provide values that will be in good
qualitative agreement with the experiments.

4 Conclusions

We have successfully synthesized lead-free CsSnBr; and 5 mol%
Bi-doped CsSnBr; nanocrystals using a facile hot injection
technique. The incorporation of Bi in CsSnBr; inhibited the
transformation of valence states from Sn** to Sn**, a significant
reduction in the size of the nanocrystals, and a decrease in the
optical band gap as well as PL intensity. The thermal stability
was also found to be increased due to Bi doping. Interestingly,
the visible-light-driven degradation efficiency of CSB'B is almost
five times higher than that of a widely investigated photo-
catalyst, P25 nanoparticles. Additionally, the degradation of the
colorless probe ciprofloxacin by the CSB'B photocatalyst
confirmed that the degradation is photocatalytic and not dye-
sensitized. The enhanced photocatalytic performance of the
CSB'B nanocrystals might be attributed to their smaller particle
size, suitable band gap, and prolonged charge carrier recom-
bination. Also the unaltered XRD and Sn 3d XPS patterns of the
CSB'B sample after photocatalysis verified their promising water
stability. Furthermore, DFT-based analysis revealed the emer-
gence of new bands in the conduction band due to doping that
might have acted as electron trapping sites and played
a significant role in improving the catalytic efficiency of the
doped samples. The outcome of this investigation may propose
new perspectives for improving the stability, morphology, and
visible-light-driven applications of CSB and analogous perov-
skites via doping at the B site.
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