Published on 29 Hukuri 2024. Downloaded on 2025-06-01 19:59:17.

Dalton

Transactions

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ '.) Check for updates ‘

Cite this: Dalton Trans., 2025, 54,
1618

Received 14th October 2024,
Accepted 27th November 2024

DOI: 10.1039/d4dt02879a

Fine-tuning of optical band gap in mixed halide
aziridinium lead perovskitesy

Olesia I. Kucheriv, © $2 Dmytro A. Haleliuk,1? Sergiu Shova® and
I'ya A. Gural'skiy (=) *@

Hybrid halide perovskites form a promising class of light-absorbing materials. Among the numerous 3D
semiconducting perovskites, there is a group of emerging aziridinium-based hybrids that are considered to
be prospective materials for optoelectronic applications. In this work, we report the mixed halide aziridi-
nium perovskites of (AzrH)PbBr,lz_, series (AzrH = aziridinium). Small changes in the composition of per-
ovskites are shown to have a defining impact on the optoelectronic properties of the reported materials.
Halogen substitution allowed a variation in band gap values of these compounds, ranging from 1.57 to 2.23
eV, as established using electronic spectroscopy. Crystal structures of (AzrH)PbBr,lz_, perovskites were
studied using single crystal and powder X-ray diffraction analysis. The lattice constant had a linear depen-
dence on the Br content in the structure, thus strictly following Vegards's law. Importantly, the reported
compounds displayed a preferential inclusion of iodine upon synthesis, revealing that the mixed halide per-
ovskite composition cannot be estimated based on the precursors’ ratio only, and it should be post-syn-
thetically checked. The reported results expand the range of hybrid perovskites with tuneable band gaps
beyond the conventional methylammonium and formamidinium-based perovskites and offer a new series
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Introduction

Hybrid halide perovskites attract significant attention as
photoabsorbers in various optoelectronic applications.’™ The
materials themselves were first reported in 1978 by Weber
et al®® However, the rapid developments in perovskite
research started only in 2009 when Kojima et al. demonstrated
the potential applications of hybrid perovskite in photovoltaic
devices.® Even though the efficiency of the first prototypes was
quite low and they had some stability issues, the significant
effort that has been put into the development of this research
field allowed obtaining perovskite solar cells with efficiency
exceeding 25%.” Such increasing values of efficiency and in-
expensive precursors, along with simple solution-based depo-
sition approaches, make hybrid perovskites highly attractive
materials for the rapidly growing industry of solar cell techno-
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of metal-halide hybrids suitable for photovoltaic and other optoelectronic applications.

logy.® In addition, hybrid perovskites have also been success-
fully implemented as active layers in light emitting diodes,’
lasers,'® thermoelectric couplers,"” used for water splitting
applications,'® photodetection™ and more.

Hybrid halide perovskites have a general formula ABXj;,
where A is an organic cation, B is a cation of divalent metal
(usually Pb*>" or Sn**), and X is a halogen anion (CI~, Br~ or
I"). In its crystal structure, the hybrid perovskite is composed
of [BXs] octahedra that are assembled in a corner-sharing
manner into an infinite 3D framework. Among these octahe-
dra there are cuboctahedral voids that are occupied by organic
cations. Limited space in the framework voids sets very strict
geometrical limitations on the size of the organic cation. A
cation that is too big for the void will induce the formation of
layered low-dimensional perovskites, while a cation that is too
small will cause an excessive strain, preventing the formation
of the framework. The most commonly studied and used
hybrid perovskites are based on methylammonium (MA).
MAPDI; is considered to be a background standard material
that is used for all the subsequent modifications.'* This cation
is quite often replaced with formamidinium (FA), which also
has high efficiency for photovoltaic applications."”™°
Simultaneously, in recent years, several new organic cations,
such as aziridinium,?°>* methylhydrazinium* >’ and a few
others,?®° have been found to be suitable for the formation
of 3D hybrid perovskite structures.

This journal is © The Royal Society of Chemistry 2025
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An important feature of the hybrid halide perovskites that
makes them beneficial, in comparison with commercially used
semiconductors, is the simplicity of their synthesis through
widespread solution-based approaches. These approaches
allow very simple, yet elegant, engineering of the chemical
composition of the hybrid perovskites, which has a significant
impact on their photophysical properties. In particular, the
composition allows modification of the band gap of these
materials. Modification of the A-site cation (for example,
partial substitution of MA with FA) usually enables quite
minor changes in the band gap values in the order of 0.1 eV."*
Simultaneously, the substitution of I with Br has been shown
to allow band gap modification from 1.5 eV (for pure I perovs-
kites) to ca. 2.3 eV (for pure Br perovskites). Such a substi-
tution has been studied for both MA*'? and FA** perovskites.
Supposedly, the same substitution is possible for the I and Cl
combination, it could allow a band gap tuning in an even
larger range. However, in practice, there are certain obstacles
that emerge upon the introduction of chloride,>® making the
Br/I system the most promising for further investigations.

In this paper, we report a series of new semiconducting
materials for optoelectronic applications: mixed (AzrH)
PbBr,I;_, perovskites in both single crystal and polycrystalline
form, as well as their structural and spectroscopic
characterization.

Results and discussion

The crystal structures of aziridinium lead mixed halide perovs-
kites were studied by performing seven SXRD measurements
on crystals with different Br/I ratios (Tables 1 and S2.1-S8.37).
All obtained materials crystalize in cubic Pm3m space group,
same as (AzrH)PbBr; and (AzrH)PbI; perovskites. In their
crystal structure, the [PbX] octahedra are connected with each
other in an infinite 3D framework in a corner-sharing manner
(Fig. 1). Voids between the inorganic octahedra are filled with
organic aziridinium cations that are disordered among mul-
tiple positions at the temperatures of the experiments. It is
worth noting that the offered solutions for aziridinium dis-

Table 1 Crystallographic parameters of the (AzrH)PbBr,ls_, series
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order are only a couple of multiple possible ways to model this
cation. Aziridinium cation interacts with the inorganic frame-
work via N-H---Hal hydrogen bonds.

Single crystal XRD experiments are a precise tool for deter-
mining unit cell parameters for all perovskites in the obtained
series and to refine the ratio of Br and I as these halogens have
considerably different contributions to the electronic density
in the structure. The plot of cell parameter a as a function of
Br content x is given in Fig. 2. The obtained plot has a linear
dependence that can be linearized by the following function:

a = 6.3577 — 1.2996Xx;. (1)

A linear descent of the given dependance with xg, growth is
observed in (AzrH)PbBr,I;, mixed halide perovskites, follow-
ing the empirical Vegard’s law. This suggests that these
materials form random solid solutions. A similar linear trend
of cell parameter dependance has been observed for
MAPDBr,I;_, solid solutions for the xz, = 0.24-2.73 range, in
which the formation of the cubic form is supported.®®
Meanwhile, iodine-rich samples of MAPbBTr,I;_, tend to form
a tetragonal phase.

According to Goldschmidt’s rule, the formation of a perovs-
kite 3D structure is possible, when the tolerance factor ¢ lies in
the range of 0.8-1:

T, 15
t:M. 08<t<1, (2)

V2(Tgeft + Ieft)
where 7a.¢ is the effective radius of the organic cation; rpeg is
the effective radius of B-site cation, and rx.s is the effective
radius of the halogen.

The value of the tolerance factor is 0.956 for (AzrH)PbBr;
and 0.939 for (AzrH)PbI;. As the Pb-X bond lengths follow
Vegard’s rule in the (AzrH)PbBr,I;_, series, the tolerance
factor in these mixed halide perovskites also drops linearly
with the decrease in the Br content (Table S1f). It is worth
noting that the Pb-Hal bond length obtained from the SXRD
experiments is always lower than the sum of calculated
effective ionic radii (by 0.163 A for (AzrH)PbBr; and by 0.208 A
for (AzrH)PbI;), indicating the partially covalent nature of the
Pb-Hal bonds in the hybrid perovskites.

(AzrH) (AzrH) (AzrH) (AzrH) (AzrH) (AzrH) (AzrH)
PbBr 042,96 PbBrg gol2.01 PbBr¢ s515.15 PbBr; 961,04 PbBr; 0110.99 PbBr; oslo.02 PbBr; 791021
Temperature (K) 250 250 293 230 293 250 293
Crystal system Cubic Cubic Cubic Cubic Cubic Cubic Cubic
Space group Pm3m Pm3m Pm3m Pm3m Pm3m Pm3m Pm3m
a (A) 6.35060(10) 6.33861(18) 6.2570(2) 6.10960(10) 6.0891(2) 6.0775(3) 5.9968(3)
Volume (A%) 256.120(12) 254.67(2) 244.96(2) 228.054(11) 225.77(2) 224.48(3) 215.65(3)
zZ 1 1 1 1 1 1 1
Peate, (g cm ™) 4.046 4.054 3.972 3.887 3.909 3.907 3.806
Goodness-of-fit 1.132 1.250 1.185 1.227 1.001 1.116 1.174
on F?
Ry [I> = 20(1)] 0.0300 0.0140 0.0663 0.0171 0.0353 0.0176 0.0437
WR, [all data] 0.0861 0.0428 0.1852 0.0578 0.0847 0.0423 0.1073

Ry = T|Fo| = |Fe| [/ Z|Fo| and wR, = [Zw(Fo” — F2) Zw(F?)"]" for Fy? > 26(F,%).
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Fig. 1 (a) Unit cell of aziridinium mixed halide perovskites showing [PbBr,,le_2,] octahedron and aziridinium cation. The crystal structure of (AzrH)
PbBr;01lp.99 Was used to draw the image. Aziridinium disorder is not shown for clarity. (b) Selected fragments of (AzrH)PbBr,ls_, frameworks

demonstrate the increase in cell parameters upon variation in the Br/I ratio.
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Fig. 2 Dependance of the cell parameter a on the xg, content in mixed
halide (AzrH)PbBr,ls_, perovskites.

In addition, a series of polycrystalline (AzrH)PbBr,I;_,
mixed halide perovskite samples were obtained in bulk form.
The phase purity of the polycrystalline samples was estab-
lished using PXRD measurements (Fig. 3). Experimental PXRD
patterns are in good agreement with patterns calculated from
the SXRD data, confirming the formation of a pure cubic
Pm3m phase for all the obtained materials. Upon increase in
the Br content (i.e., x) in the obtained materials, 260 values of
some characteristic peaks shift from 27.97° (002), 31.36° (012),
40.11° (022), and 42.42° (003) for xp = 0.00 to 29.78° (002),
33.41° (012), 42.60° (022) and 45.24° (003) for xp, = 2.73. In
addition, the peak at 24.13°, corresponding to the (111) plane
for xg, = 0.00, almost disappears for xp, = 2.73.

The direct refinement of the halogen ratio from PXRD peak
intensity is not very precise, as the intensity of peaks is usually
strongly affected by preferential orientation and other factors.
Meanwhile, indexing of the PXRD patterns provides precise
values of unit cell parameters, especially in the case of the title
perovskite materials with cubic structures. This is the reason
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Fig. 3 (a) Experimental PXRD patterns of polycrystalline (AzrH)
PbBr,ls_, mixed halide perovskite samples, in comparison with the cal-
culated patterns for (AzrH)Pbls and (AzrH)PbBrz.2®> The mentioned Br
content x is determined from cell lattice parameters. (b) The depen-
dance of xg, in the obtained products on the xg, in the precursor solu-
tions shows a significant preferential inclusion of iodine. A line is drawn
to guide the eye.
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why we used unit cell parameters to extract the halogen ratio
by means of dependance as shown in Fig. 2.

Indexing of patterns and comparison of obtained cell para-
meters revealed a notable difference in the Br/I ratio in the pre-
cursor solutions and in the resulting mixed halide perovskites
(Fig. 3b). In the case of (AzrH)PbBr,I;_, series, a significant
preferential inclusion of iodine is observed. From the chemical
point of view, this effect can be explained in line with hard
and soft acids and bases theory, according to which the iodine
anion is a soft Lewis base, while the bromine anion is a rela-
tively harder base. Considering that the lead cation is a soft
Lewis acid,®” creating a bond with iodine is more energetically
beneficial for it. In addition, this observation makes an impor-
tant demonstration of the fact that estimation of mixed halide
composition from the precursors’ ratio is not always possible.

The optical properties of polycrystalline (AzrH)PbBr,I;_,
mixed halide perovskite samples were studied by measuring
their optical reflectance spectra (Fig. 4). All materials displayed a
characteristic cut-off of reflectance, which is typical for semicon-
ducting materials. The cut-off wavelength shifted gradually from
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794 nm for x = 0.07 to 550 nm for x = 2.68, thus covering a
yellow-to-red range of visible spectrum and even partially cover-
ing the near-IR range. Optical photographs of selected powder
samples are given in Fig. 4b that show a change in the samples’
color upon halogen substitution from orange to black.

Optical band gap values can be extracted from the experi-
mentally determined absorption coefficient using a Tauc plot
based on the equation:

(ahw)"" = A(hv — Ey), (3)

where « is an absorption coefficient; 4 is the Plank constant; v
is a frequency; E, is an optical band gap; A is a proportionality
constant that depends on transition probability, and n is a
Tauc coefficient which is determined by the type of transition.
This is true for cases of direct band gap semiconductors with
allowed transitions, for which n = %

When reflectance spectra are obtained experimentally,
instead of the absorbance spectra, the Kubelka-Munk function
has to be applied. According to this:

2.5 1.5 0.5

A

00 05 10 15 20 25 3.0

Xg, in product

Fig. 4 (a) Optical reflectance spectra of polycrystalline (AzrH)PbBr,lz_, mixed halide perovskite samples. (b) Photographs of selected (AzrH)
PbBr,l3_, powder samples showing color change upon halogen substitution. (c) Kubelka—Munk plots of polycrystalline (AzrH)PbBr,ls_, perovskite
samples show a gradual shift in the band gap upon halogen substitution. (d) Demonstration of a linear trend in Eg vs. xg, dependance.

This journal is © The Royal Society of Chemistry 2025
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:M. (4)

a
FR) = 2Ro,

The function F(R) is directly proportional to the absorption
coefficient @ and inversely proportional to the scattering S,
while R, is the diffuse reflectance of the sample. Thus, the
optical band gap of the studied materials value can be
extracted by plotting the following function:

(hoF(Rw))* = A(hv — Ey). (5)

The Tauc plots for polycrystalline (AzrH)PbBr,I;_, mixed
halide perovskite samples are shown in Fig. 4c. The band gap
of the studied materials varies in the range of 1.57 eV (for xp, =
0.07) — 2.23 eV (for xg, = 2.68). The conservation of a cubic
structure for the whole series of (AzrH)PbBr,I;_, solid solu-
tions is important and a linear dependance of the cell para-
meter on the Br content causes a linear dependance of band
gap on the Br content (Fig. 4d). This dependance can be line-
arized as follows:

Eg = 1.520 4 0.248xg;. (6)

This linear dependance provides additional proof that the
materials from the studied series are semiconductors that
follow Vegard’s law.

For comparison, the E, dependance on the cell parameter
in MAPDBr,I;_, series (xg, = 0.24-2.73) has been shown to obey
the dependency described by a quadratic equation.
Simultaneously, the iodine-rich samples tend to display sig-
nificant deviation from this dependence, which can be
explained by the formation of a tetragonal phase for this
composition.*®

Notably, these samples do not have any considerable fluo-
rescence at room temperature. However, the title Br perovskite
is known to have fluorescence at low temperatures or when
processed to NPs (sometimes referred to as perovskite
quantum dots). Therefore, the linear dependance of band gap
on xp, content in (AzrH)PbBr,I;_, series has a significant
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advantage for further application in optoelectronic devices,
such as light emitting diodes, due to the possibility of con-
ducting more straightforward prediction of photo-
luminescence wavelength upon fabrication of devices.

Experimental
Chemicals and reagents

Aziridine, lead bromide, lead iodide, hydrobromic (48%), and
hydroiodic acids (57%) were purchased from UkrOrgSyntez
Ltd.

Synthetic procedures

(AzrH)PbBr,I;_, powder samples. Lead bromide and iodide
in selected ratios were dissolved in HBr/HI mixtures and
diluted with distilled water (the exact quantities are given in
Table 2).

6 eq. of aziridine were dissolved in a water/acetonitrile
mixture. Afterward, the latter solution was added portion-wise
to the lead halide solution with constant stirring.

(AzrH)PbBr,I;_, single crystals. Lead bromide and iodide in
selected ratios were dissolved in HBr/HI mixtures and diluted
with distilled water (Table 2). The obtained solution was
placed in a 1 mL vial, which was then placed in a bigger vial
with 6 eq. of aziridine in water/acetonitrile mixture. After the
diffusion of aziridine vapors small crystals were formed on the
surface of lead halide solution and were separated after 1.5 h.
The crystals were kept in a crystallographic oil until measure-
ments were performed.

Measurements and characterization

Single-crystal X-ray diffraction. Single-crystal X-ray diffraction
data were collected on Rigaku XtaLAB Synergy Dualflex HyPix
diffractometer with graphite-monochromated Mo-Ka or Cu-Ka
radiation or Oxford-diffraction XCALIBUR Eos CCD diffract-
ometer with graphite-monochromated Mo-Ka radiation. The

Table 2 Quantitates of precursors used for the synthesis of (AzrH)PbBr,l3_, mixed halide perovskites powder samples

Pbl, PbBr,

HI HBr H,0 Azr MeCN H,0
Br:Iratio  xg, in precursors  xg,in products®  mmol mg mmol mg mL mL mL pL mL mL
30:1 2.90 2.73 0.0065 3.00 0.1951 71.60 0.02 0.60 1.00 63.00 0.10 0.20
25:1 2.88 2.68 0.0065 3.00 0.1627 59.70 0.03 0.60 1.00 53.00 0.10 0.20
20:1 2.86 2.60 0.0108 5.00 0.2169 79.60 0.04 0.60 1.00 71.00 0.10 0.20
15:1 2.81 2.52 0.0108 5.00 0.1627 59.70 0.05 0.60 1.00 54.00 0.20 0.20
10:1 2.73 2.12 0.0108 5.00 0.1084 39.80 0.05 0.40 0.80 37.00 0.20 0.20
7:1 2.63 1.58 0.0325 15.00 0.2278 83.60 0.10 0.60 0.80 82.00 0.50 0.20
5:1 2.50 1.00 0.0217 10.00 0.1084 39.80 0.10 0.40 0.80 41.00 0.50 0.20
1.5:1 1.80 0.60 0.0868 40.00 0.1302 47.80 0.40 0.50 0.80 68.00 0.50 0.20
1:1 1.50 0.44 0.0868 40.00 0.0872 32.00 0.24 0.20 0.80 54.00 0.80 0.20
1:1.5 1.20 0.16 0.1226 56.50 0.0817 30.00 0.30 0.17 0.50 64.00 0.80 0.20
1:2.5 0.86 0.07 0.1022 47.10 0.0409 15.00 0.40 0.13 0.50 45.00 1.00 0.20
1:5 0.50 0.01 0.1362 62.80 0.0272 10.00 0.40 0.07 0.50 31.00 1.00 0.20
1:10 0.27 0.00 0.1356 62.50 0.0136 5.00 0.30 0.03 0.50 47.00 1.00 0.20

“xg, in products established by indexing their PXRD patterns and comparing the cell parameters obtained with results derived from the SXRD

measurements.

1622 | Dalton Trans., 2025, 54, 1618-1624

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4dt02879a

Published on 29 Hukuri 2024. Downloaded on 2025-06-01 19:59:17.

Dalton Transactions

unit cell determination and data integration were carried out
using the CrysAlisPro package from Oxford diffraction. The
structures were solved with the ShelXT program using the
intrinsic phasing method and refined using the full-matrix
least-squares method on F* with ShelXL.**?° Olex” was used as
an interface for the ShelX programs.’® Lead and halogen
atoms were refined anisotropically in all structures. C and N
atoms of disordered aziridinium cations were refined isotropi-
cally in most of the structures. The crystallographic data of the
structures described in this paper were deposited at the
Cambridge Crystallographic Data Center (ccpe
2390779-23907857).

Optical reflectance measurements were performed on a
Shimadzu spectrometer RF6000.

The PXRD patterns were acquired on a Shimadzu XRD-6000
diffractometer using Cu-Ka radiation (5-50°, 0.05° step) and
Benchtop Rigaku Miniflex 600 diffractometer using Cu-Ka
radiation (2-50°, 0.025° step).

Conclusions

In this work, we describe a new series of mixed halide lead per-
ovskites with an aziridinium cation. Each of the reported
materials contains a single crystalline phase which has a three-
dimensional cubic structure. The cell parameters display a
linear decrease with a decrease in the bromide content,
proving that the reported materials obey the empirical
Vegard’s law and form solid solutions. It was established that
iodine has significant preferential inclusion into the frame-
work upon synthesis. Importantly, the variation in halogen
content allows for fine-tuning of the absorption edge of aziri-
dinium lead perovskite: a decrease in the bromide content
leads to a linear red shift of the absorption cut-off. The optical
band gap can be tuned in the 1.57-2.23 eV range. This effect
makes the mixed halide aziridinium perovskites appealing
candidates for further optoelectronic applications.
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