Open Access Article. Published on 22 April 2025. Downloaded on 12/7/2025 7:19:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: RSC Adv., 2025, 15, 12834

Received 10th March 2025
Accepted 7th April 2025

DOI: 10.1039/d5ra01714a

rsc.li/rsc-advances

Introduction

Novel lead-free bismuth-based perovskite-like
(BrCsH413N)sBi>Brg: synthesis, structural
investigations and optoelectronic propertiest

Yassine Ben Elhaj,? Fadhel Hajlaoui, ©* Karim Karoui, ©° Magali Allain, © ¢
Nicolas Mercier, 129 Erika Kozma, {2 ¢ Chiara Botta® and Nabil Zouari®

Lead-free organic—inorganic hybrid perovskites have attracted increasing attention owing to their
advantages of reduced toxicity, photo-detectability, switchable dielectric device application, ferroelectric
properties and distinctive optical characteristics. Despite their promising features, the chemical
engineering of hybrid perovskites remains a challenge, as identifying the appropriate strategies is
essential to achieve the desired properties such as controlled bandgap energy and phase transition
behaviours. Numerous approaches have been explored to optimize these characteristics. In this study,
we employed halogenation of the organic component as a targeted strategy to enhance the stability and
performance of hybrid perovskite materials. This approach enabled the successful synthesis of a non-
centrosymmetric  halobismuthate  (BrCsH;3N)sBioBrg  compound  (BrCsHysN™:  (2-bromoethyl)
trimethylammonium), which exhibited excellent optic and electric properties and crystallized in the non-
polar P2;2,2, space group. The inorganic framework was precisely arranged with [Bi»Bre]®>~ polyhedra
that were face-shared and separated by organic cations, resulting in an AsB,Xo-type structure.
Additionally, the compound (BrCsH;3N)zBi>,Brg possessed an indirect band gap of 2.58 eV, which
suggests this material's semiconductor character. Photoluminescence (PL) studies revealed that the
compound exhibited a broad band emission at about 730 nm. The electrical properties as a function of
frequencies and temperatures showed the contribution of the grain and grain boundary to conduction,
and AC conductivity confirmed the semiconductor behaviour. The activation energy suggested the
combination of ionic and electronic conduction. These findings enrich the understanding on the
behaviour of AzB,Xg-type low-dimensional hybrids and holds promise in extending the application of
lead-free hybrids to the field of ferroelectric, electric and optic materials.

organic and inorganic components into a single molecule has
made research on these materials one of the most important

Hybrid perovskites have attracted significant attention due to
their impressive features such as semi-conductivity, large
absorption coefficients and long carrier lifetime, making them
applicable in the fields of solar cells, light-emitting diodes, and
gas sensors.'” Their capacity to combine the characteristics of
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and promising areas of study.*” The interest in these types of
materials has increased in the last decade owing to the fasci-
nating performance of hybrid perovskites in several fields. For
example, a power conversion efficiency of 25.8% was achieved
using a-formamidinium lead tri-iodide (FAPbI3) perovskite,® an
external quantum efficiency approaching 30% was achieved for
the green light-emitting diode using [FA,;MAq1GAg]o.87
Cso.13PbBr; (FA: formamidinium; GA: guanidinium; MA:
methylammonium),® and a capability over 1 ppm was achieved
in detecting ammonia gas using CH;NH,PbI;.*

Separated by layers of organic cations, the perovskite crystals
are made up of inorganic BX, octahedra, where “X” is a halogen
atom and “B” is a metal ion, and they can form 3D networks, 2D
layers, 1D chains or discrete clusters."*™* Although these layered
hybrid materials are similar to inorganic perovskites with the
formula ABXj, hybrid perovskites offer more degrees of freedom
when aliphatic and aromatic spacers with soft organic tails,
acting as templating agents, are positioned in cavities encircled

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra01714a&domain=pdf&date_stamp=2025-04-21
http://orcid.org/0000-0001-7094-5497
http://orcid.org/0000-0001-7953-3456
http://orcid.org/0000-0002-0893-6028
http://orcid.org/0000-0003-0458-0789
http://orcid.org/0000-0001-9574-7008
https://doi.org/10.1039/d5ra01714a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra01714a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015016

Open Access Article. Published on 22 April 2025. Downloaded on 12/7/2025 7:19:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

by octahedra anionic groups or between neighbouring layered
metal halides.** Organic molecules and inorganic frameworks
can combine to provide a wide range of structural variations
with better characteristics by increasing structural flexibility
and polarizability.”” Perhaps the best-known characteristic of
hybrid perovskites is that their physical properties can be tuned
widely. Crucially, their structural phase transitions are the
source of many of these properties. For instance, the bandgap
energy (Eg) of the hybrid perovskites is crucial for the semi-
conductor domain application. The halogen's p-orbitals play
a significant role in the optical transition, which primarily
determines the E, value. Additionally, the substantial effect of
halogen substitution on CH3;NH3PbX; (X = Cl, Br, and I) was
investigated by C. Tablero Crespo, who demonstrated that such
substitution significantly influences the perovskite's bandgap
energy value.'® However, even though the A-site has little effect
on the electronic band structure, it can affect the phase tran-
sition and stability. Since the structure of halogenated hybrid
perovskites can support a variety of organic amine cations, the
size, shape and valence of these cations determine their crystal
symmetries and guest-host interactions, leading to additional
structural freedom and associated complex phase transition
behavior."”™® For example, by regulating the quantity of Cs in
the A-site, B. Dridi Rezgui et al. were able to support the stability
of the a-phase of FA; ,Cs,Pbl; (FA = formamidinum).”® Addi-
tionally, another study shows that the phase transition
temperature can be affected by the Cs doping of FAPbI;, and
that the doped compound FA, g5Csg 15PbI; demonstrated better
device stability and performance in comparison to their FAPbI;
counterparts.®® Some other studies concentrate on adding
a halogen on the A-site, which can provide additional stability
and regulate the band gap, starting from the fact that the
halogen can have a significant impact on the gap energy, and
that the A-site has effects the stability and optical qualities, as
previously discussed. Zhenyue Wu et al. used the halogen
substitution strategy to increase the Curie temperature (7.) by
85.2 K of (3-bromopropylaminium),(formamidinium)Pb,Br,
when we compared it to the prototypical compound (n-
propylaminium),(formamidinium)Pb,Br,.>> Moreover, the
halogen substitution on the organic cation can narrow down the
gap energy of (CH;CH,NH;);BiBrg with a phase transition of
243 K, and a band gap of 2.36 eV undergoes a decrease in the
gap energy and an increase in the phase transition, when it had
a substitution of hydrogen by chloride atoms in the A-site.*
However, controlling the physical properties such as Curie
temperature and optical band gaps is still a challenge for
researchers.> Fortunately, the capacity to modify molecular
configurations to modulate the basic characteristics of mate-
rials provides a rich platform for the design of optical, phase-
change, luminescence, and ferroelectric materials.”>° To the
moment, lead continues to yield the finest outcomes for hybrid
perovskites, which are the most studied ones compared to other
metals. This fact presents a drawback to the hybrid perovskite
industry and the application of these materials in some fields
due to the high toxicity of lead.*® This problem shifts the
research focus to lead-free hybrid perovskites as a promising
solution. To solve the toxicity issue, a lot of research studies

© 2025 The Author(s). Published by the Royal Society of Chemistry
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concentrate on lead-free metals such as Sn, Ge, Cu, and Bi.**¢
Despite their advantages, hybrid halide bismuthates of A;Bi,Xo
materials remain relatively underexplored. In this context,
designing new non-centrosymmetric lead-free  hybrid
compounds will open extensive perspectives for optoelectronic
applications. Focusing on enhancing Bi-based hybrid perov-
skite performance, we used the halogen substitution in the A-
site to get better properties. In this work, we combined several
experimental techniques to characterize the structural, elec-
trical, optical, and photoluminescence properties of a novel
bismuth-based perovskite-like compound, (BrCsH;3N);Bi,Br,.

Experimental synthesis and
characterization
Reagents and materials

All reagents were used without any purification. BrCH,CH,-
N(CH3);-Br  ((2-bromoethyl)trimethylammonium bromide,
98%, Sigma-Aldrich), Bi,O; (bismuth(m) oxide, 99%, Sigma-
Aldrich), HBr (hydrobromic acid, 48% in water, Sigma-
Aldrich), and ethanol anhydrous (analytical grade, Sinopharm
Chemical Reagent Co., Ltd, China).

Synthesis of (BrCsH;;N);Bi,Bro

(2-Bromoethyl)trimethylammonium bromide (0.740 g, 3 mmol)
was added to 20 mL of ethanol and stirred. This solution was
carefully layered over an aqueous solution of hydrobromic acid
(5 mL) containing 0.465 g of Bi,O;. The mixture was stirred for
30 minutes, and the resulting yellow precipitate was collected by
filtration. Yellow crystals of (BrCsH;3N);Bi,Bre suitable for
single-crystal X-ray diffraction analysis were obtained after 3
days. Yield: 82%. The single crystals were characterized by
elemental analysis: C, 11.21% (theor. 11%); H, 2.52% (theor.
2.4%); N, 2.43% (theor. 2.56%); Br, 56.24% (theor. 58.53%).

Chemical characterization

IR absorption spectrum of the crystallized powders in KBr was
recorded using a PerkinElmer FT-IR 1000 spectrometer in the
400-4000 cm ™! range. IR-spectrum at room temperature
confirms the formation of the entitled compound (Fig. S1t). The
assignments of the most relevant modes associated with
vibrations of (BrCsH;3N);Bi,Bro are mentioned in Table S1.7

Differential Scanning Calorimetry (DSC) measurements were
recorded with raw powders using a NETZCSCH DSC 200 F3
instrument (Pt crucibles and Al,O; as a reference). A powder
sample with a mass of about 10 mg was weighed. The DSC were
conducted at a heating-cooling rate of 5 K min ™" in the range of
25-180 °C under a nitrogen atmosphere.

Thermogravimetric analysis (TGA) was performed using
a Setaram SETSYS 16/18 instrument in the temperature range of
296-700 K at a ramp rate of 5 K min—".

Optical absorption was performed using a UV-vis Lambda9
spectrometer. The optical band gap was estimated by Tauc plots
using solid-state absorption spectra and the direct band gap
approximation. Photoluminescence (PL) spectra were obtained
using a NanoLog composed of an iH320 spectrograph equipped

RSC Adv, 2025, 15, 12834-12842 | 12835
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with a Synapse QExtra charge-coupled device by excitation with
a monochromated 450 W Xe lamp. Fluorescence microscopic
images were acquired using a Nikon Eclipse TE2000-U inverted
confocal microscope equipped with a Linkam LTS420 cooling
system by excitation with a 100 W Hg lamp with a 330-380 nm
band-pass excitation filter.

Using a SOLARTRON SI 1260 impedance device connected to
a dielectric interface at temperatures between 303 and 423 K,
the electrical measurements of the real and imaginary compo-
nents of the impedance parameters (Z' and Z") were performed
on pellet disks. After grinding single crystals in an agate mortar,
a pellet was formed with a diameter of 8 mm and a thickness of
1 mm using a pellet mold with 8 mm diameter and 5 tons of
pressure per millimeter. On the surfaces of this pellet, we
deposited a layer of silver lacquer to ensure good contact with
the copper electrodes. The measurements were made in the
frequency range of 1-10° Hz. The pellet's surfaces were coated
with an 8 mm-diameter circular copper electrode.

Single-crystal X-ray diffraction

Single-crystal X-ray diffraction data of (BrCsH;3N);Bi,Bry were
collected at T = 295 K, using a Rigaku Oxford Diffraction
diffractometer equipped with an Atlas CCD detector and micro-
focus Cu-Ko. radiation (A = 1.54184 A). Intensities were cor-
rected for Lorentz-polarization effects, as well as for absorption
effects (Gaussian method using the CrysAlisPro program,
Rigaku Oxford Diffraction, V1.171.40.45a, 2019). The structures
were solved using the SHELXT program and refined by full-
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matrix least-squares routines against F> using the SHELX
program (G. M. Sheldrick-2018, SHELXT-2018/2 and SHELXL-
2018/3)*”*% through the WinGX program suite.”> H-atoms were
positioned geometrically. The compound (BrCsH;3N);Bi,Bro
exhibits disorders associated with carbon and hydrogen atoms
among (2-bromoethyl)trimethylammonium organic cations.
The C11, C12, H11 and H12 atoms are split in two positions
with 47% and 53% atomic site occupancies. A summary of
crystallographic data and refinement results are listed in Table
S2.1 The relevant selected bond lengths and angles are listed in
Tables S3-S5.7 A complete list of crystallographic data, along
with the atomic coordinates, the anisotropic displacement
parameters and bond distances and angles are given as a CIF
file (CCDC number 2429859). Structural illustrations were
generated using the Diamond software.*

Results and discussion
Structural aspects

Yellow prismatic crystals of (BrCsH;3N);Bi,Bro were obtained by
adding Bi,O3 in HBr to an ethanol solution containing (2-bro-
moethyl)trimethylammonium bromide. Structural analysis
performed by single-crystal X-ray diffraction revealed that the
compound crystallizes in the non-centrosymmetric P2,2,2,
space group at room temperature (Table S27).

The asymmetric unit of the compound (BrCsH;;N);Bi,Bre
consists of three organic ammonium cations and one [Bi,Bro|*~
anion (Fig. 1(a)). The Bi(m) ions are located in a hexa-coordinated
environment, giving rise to a discrete perovskite-type. Fig. 1(b)
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Fig.1 (a) Asymmetric unit of (BrCsH13N)3BisBrs. (b) General view along the b direction showing [BrCsHy3NI* cations localized in the inner cavity
of the perovskite-like sheet and in the interlayer space. (c) C—H---Br H-bonding interactions present in (BrCsH;3N)zBi>Brg (red dashed lines: H---
Br contacts <3.14 A). (d) Neighboring (2-bromoethyl)trimethylammonium cations in the environment of bi-octahedral [Bi,Brol*~ anions. ® Bi-

octahedral BiyBrg unit with Bi and Br bond distances.
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shows a projection of the structure of (BrCsH;3N);Bi,Br, in the (a,
¢) plane. The anionic network is formed by clusters [Bi,Bro]’~
separated by organic cations (BrCsH,3N)'. Consequently, (2-bro-
moethyl)trimethylammonium cations are localized in the inter-
layer space, leading to a more appropriate structural formula of
(BrCsH,3N);3Bi,Br,. This structure is analogous to that of hybrid
perovskites. The cohesion between these different entities is
ensured by hydrogen bonding (C-H---Br) interactions. This
arrangement is similar to the one found in the structures of bis-
muth(m)-halide perovskites such as [(CH;);S];[Bi,Brs] and (CH;-
NH3;)3(Biylo).#** The incorporation of a larger organic cation
restrained the formation of a polymeric configuration for the
halogenobismuthate(III) complexes, as found in the previously
reported structures of [Bi,Br,]>~ with other ammonium cations.*
In the bimetallic [Bi,Bro]>~ ion, three Br-atoms bridge two Bi-
centers, with Bi-Br-Bi angles varying from 81.21(6)° and
83.41(5)° and Bi-Br bond lengths between 2.928(2) A and 3.063(2)
A, which are considerably longer than the terminal Bi-Br bonds
(2.696(3) A to 2.811(2) A) (Fig. 1(e)). The observed variations in the
bond lengths of (BrCsH;;N);Bi,Bry are comparable with the
already described structurally similar Bi(m) hybrid compounds*
(see Tables S3-S4t). In addition, the organic cation (BrCsH;3N)"
bonds and angles show that C-C, C-N, and C-Br bonds are,
respectively, between (1.44 A and 1.53 A), (1.44 A and 1.54 A), and
(1.92 A and 2.05 A) while the angles C-C-Br, C-C-N, N-C-C, and
C-N-C vary, respectively, from 96 to 108°, 102 to 113°, 109 to 114°,
and 92 to 131°. These results are comparable to those observed in
the structures of [(CH3);N(CH,),Br],[CoBr,] and [(CHj3);N(CH,)s-
Br],PdBr,.** It is interesting to note that some carbon and
hydrogen atoms occupy two equivalent locations, with atomic
occupancies of 0.47 : 0.53, in the organic cations. The H-bonding
interactions present in the compound revealed that each
[BiyBro]’~ unit is connected to seven ammonium units through H-
bonding interactions (Fig. 1(d)). Indeed, the -CH; and -CH,-
hydrogen atoms of these bridging ammonium cations are H-
bonded to both terminal and bridging [Bi,Br]*~ anions, with
C-H---Br bond lengths ranging from 3.48 (3) A to 4.04 (3) A, while
the C-H---Br angles range between 113° and 172°. These inter-
actions form a 3D H-bonded network extending along the bc-

plane (Fig. 1(c)).
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Thermal decomposition

TGA and DSC measurements were carried out to highlight the
phase transitions and the thermal stability of the (BrCsH;3N)s;-
Bi,Bry compound. The curves obtained during the decomposi-
tion of (BrCsH;3N);Bi,Bro, under flowing air at a heating rate of
5 °C min~ ' between 296 and 700 K are reported in Fig. S2(a).}
The results showed that (BrCsH;3N);Bi,Bry suffered from
weight loss twice. The slow and slight mass decrement (3%)
observed on TG at 310 K is connected with the removal of
hygroscopic water. The weight loss, between 425 and 480 K, can
be attributed to the decomposition of the organic cations
together with the bromide removed to support the charge
neutrality and corresponding to the formation of Bi,Brg
(observed weight loss: 46.9%; theoretical: 45.22%).

The DSC measurements showed an endothermic peak
located at 320 K. For this compound, no phase transition can be
identified (see Fig. S2(b)7t).

Gap energy and AC conductivity

The fundamental processes through which light is absorbed, re-
flected, or transmitted by materials are crucial for understanding
their electronic structures. These interactions provide key insights
into the material's electronic properties such as band gaps,
conduction mechanisms, and optical behaviors. In this section,
we will outline and discuss the (BrCsH;3N);Bi,Bro compound's
basic optical properties in order to evaluate its quality and light
efficiency. The sample's experimental UV-vis absorbance spec-
trum, measured at room temperature and in the wavelength
range of 200-800 nm, is shown in Fig. 2(a). Significant ultraviolet
domain absorption is clearly present in this spectrum, suggesting
that it is a fundamental band characteristic.

An inter-band transition between parabolic bands must
produce the absorption edge in a Tauc plot. This approach is
not appropriate for materials with strong band tails overlapping
the fundamental absorbance, such as 2D, 1D, or 0D systems.*®
Because of its low-dimensional structure,*” (BrCsH;3N);Bi,Bro
can be used to determine its band gap using the Tauc plot
method, which is best suited for powder compounds and is
provided by this equation:

Abscrbance (ar

T T T T

A(nm) .

Fig. 2

© 2025 The Author(s). Published by the Royal Society of Chemistry

hv (eV)

(a) Variation in absorbance with the wavelength of (BrCsH;3N)zBi>Brg. (b) Gap energy of (BrCsH;3N)zBisBrg.
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Fig.3
a function of temperature for (BrCsH;3N)zBi>Brg.

(F(R)"" = B (hv — Ey) 1)
where F(R) is the Kubelka-Munk function:**
F(R) = (1 — R*2R (2)

The symbol of E, stands for the optical band gap energy, and
n is a parameter that describes the optical transition's nature
between the valence band and the conduction band. The value
of n indicates the nature of the transition: n = 2 for indirect
permitted transitions 1 and n = 1/2 for direct permitted tran-
sitions. Based on the report in the literature and similar
compounds, both the conduction band minimum (CBy;,,) and
the valence band maximum (VBy.,) are localized at different
positions in the Brillouin zone, which should be reminiscent of
the indirect feature of the band gap. The (CBy;,) are mainly
from the unoccupied Bi-6p orbitals, and nonbonding states of
Br-4p form the bands at the (VByax). Obviously, both the VByax
and the CByy, originate from the electronic states of Bi and Br
atoms, and hence, it is the inorganic [Bi,Bry] framework that
determines the bandgap of the material.*

Fig. 2(b) displays the plot of (F(R))"* versus photon energy
(hv), which can be used to determine the indirect band gap
energy. The estimated band gap energy from the intercept of the
tangent to the plot is 2.58 eV, which is analogous to materials
based on Bi(m).”* This result indicates that our material is
a semiconductor and a potential optoelectronic candidate.

To confirm the semiconductor character of (BrCsH;3N);Bi,-
Bro materials, we studied the AC conductivity at different
frequencies and temperatures, which are also used to distin-
guish the conduction type and provide information about
conduction modes. The electrical conductivity vs. angular
frequency at different temperatures is given in Fig. 3(a) using
a log-log scale. The frequency behaviour of conductivity is split
into two regions. As the frequency increases, the first region at
low and medium frequencies corresponds to the grain
boundary effect and the second region at high frequencies
suggests the grain effect. The high electrical conductivity o,

12838 | RSC Adv, 2025, 15, 12834-12842
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300 320 340 360 380 400 420
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44

(a) Frequency dependence of the AC conductivity at different temperatures for (BrCsH;3N)3BisBrg. (b) Variations in universal exponent S as

values reach around 2 x 10™* to 5 x 10™* Q cm™*, which is in
great agreement with 3.8 10> S m™*
conductor character of this material. These spectra are
described by Jonscher's universal power law, which show two
regions:*

and confirms the semi-

Oac = 0ge+ A X &S (3)

where o4 represents the conductivity in direct current, 4 is the
specific temperature-dependent constant that determines the
polarizability force and S is the power law exponent, which
provides valuable insights into the underlying conduction
models. Fig. 3(b) records the variation in the exponent S with
temperature. According to Elliot's hypothesis,****
this variation, which translates the interaction between mobile
ions and their surroundings, to discover the mechanisms of
conduction in the (BrCsH;3N);Bi,Bry compound.

It may be observed that as the temperature rises, the evolu-
tion of the exponent (S) increases in the first phase and
decreases in the second phase. This finding implies that the
non-overlapping small polaron tunneling (NSPT) model and the
correlated barrier hopping (CBH) model can be described as the
electrical conduction in the two phases, respectively.

WE can use

Impedance spectroscopy and conductivity of grain

The complex impedance spectroscopy provides information on
various microstructure characteristics of materials, including
the grain, electrode interfaces, and grain boundaries. It
demonstrates a clear relationship between the response of the
actual system and the ideal circuit produced by the electrical
components. Complex impedance plots for a range of
frequencies and temperatures are shown in Fig. 4(a). Two
depressed semicircles with centers moved down toward the real
axis are visible in the —Z" vs. Z' plots, indicating a non-Debye
relaxation in the material's electrical processes. These semi-
circles are attributed to the grain (at higher frequencies) and
grain boundary response in this material.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Complex impedance spectra and equivalent circuit of the (BrCsH;3N)zBi,Brg compound at different temperatures (a) between 303 K and
363 K and (b) between 373 K and 423 K, and (c) variations in In(og) versus 1000/T for the (BrCsH13N)3sBi>Brg compound.

Two distinct regions are seen. The first is between 303 and
363 K, where arc circles are visible in the complex plane plots
and grow larger as the temperature rises. This phenomenon is
due to the evaporation of adsorbed H,O molecules on the
material surface. Due to overlapping grain response and grain
boundaries, the second region, which is between 373 K and 423
K, shows wide and deformed semi-circles. The semiconductor
nature and a thermally activated conductivity mechanism are
indicated by the semicircles’ decreasing radius as the temper-
ature rises. Using the Z-View software, we have tried to identify
an equivalent circuit that describes the behavior of this material
(inset Fig. 4(a) and (b)) and that enables the separation of the
grain and grain boundary response.

© 2025 The Author(s). Published by the Royal Society of Chemistry

The conductivity of the grain (¢,) may be determined using
the following formula, based on the resistance values deter-
mined from the equivalent circuit:*

e

= RS (4)

Og
where R; is the resistance ascertained from the equivalent
circuit, S is the pellet's surface area, and e is the pellet's
thickness.

Temperature dependence of o, is shown in Fig. 4(c). This
variation is well described by the Arrhenius law only after 363 K,
which confirms the H,O release effect. The activation energy of
the phase after 363 K is equal to E, = 0.28 eV. This value
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Fig.5 Normalized optical absorption spectra of the (BrCsH;3N)3Bi>Brg
cast film (solid black line) and photoluminescence spectra of (BrCs-
H13N)sBisBrg crystals (solid red line, photoluminescence excited at
3.26 eV; blue dashed line, excitation-dependent photoluminescence
intensity monitored at 1.70 eV).

indicates that this material may exhibit a combination of ionic
and electronic conduction.

Photoluminescence properties of (BrCsH;;N);Bi,Br,

The photoluminescence properties of (BrCsH;3N);Bi,Bry crys-
talline powders are reported in Fig. 5. The morphology in the
crystals were confirmed by optical polarizing microscopy
(Fig. S371). The photoluminescence spectrum exhibits a broad
and weak band in the near-infrared (NIR) region, centered
around 1.7 eV, which is likely attributed to self-trapped states.
Its excitation profile displays a narrow peak at 3.0 eV (blue
dashed line in Fig. 5) in agreement with the absorption spec-
trum of the cast film, that reveals the main peaks at 3.16 eV and
4.66 eV (black solid line in Fig. 5). The emission of the film is
weak showing the broad band emission at 1.69 eV with an
additional narrow component at 2.87 eV, resembling excitonic
emission (Fig. S41). Although the photoluminescence intensity
is relatively weak, the position of its main emission, close to the
NIR region, coupled with the significant Stokes shift (1.46 eV)
between absorption and emission, presents intriguing possi-
bilities for optoelectronic applications, where such properties
can be leveraged to develop advanced devices for light detec-
tion, energy conversion, or communication technologies.

Conclusion

In conclusion, we successfully synthesized a new Bi-based, eco-
friendly organic-inorganic hybrid perovskite-like compound,
(BrCsH;3N);3Bi,Bro. This material represents a promising addition
to the field of hybrid perovskites due to its unique structural and
electronic properties. The compound is non-centrosymmetric,
crystallizing in the orthorhombic space group P2,2,2,, and
features an indirect bandgap energy of 2.58 eV. Its broad band
emission, which is close to the NIR region, coupled with its very
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large Stokes shift, highlights its potential for optoelectronic
applications. The electrical study shows a high value of conduc-
tivity and confirms the gap energy, which indicates the semi-
conductor character of this material. The equivalent circuit has
been chosen and indicates the contribution of the grain and grain
boundary in the conduction. The activation energy suggests the
combination of ionic and electronic conduction.
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