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Two-dimensional (2D) layered metal halide perovskites have
recently received a lot of attention due to their possible
applications as photovoltaic and optoelectronic materials.
Rubidium di-tin pentabromide, RbSn;Brs, is a promising lead-free
alternative to its RbPb,Brs counterpart. Its lack of toxic lead,
improved stability, and tolerance to ambient conditions are a
great step forward to be used in electronic devices. In contrast
with lead-based halides, this sample has received less attention
up to now. There have been no experimental studies on its
transport parameters such as electronic conductivity, Seebeck
coefficient, or thermal transport. Here, we describe how this
material can be easily synthesized using a ball milling procedure,
obtaining specimens with high crystallinity. TG measurements
indicate total decomposition above ~673 K, whereas DSC curves
suggest melting and recrystallization at 562 K (heating run,
endothermic) and 523 K (cooling run, exothermic), respectively. A
structural analysis from room temperature up to 548 K from
neutron powder diffraction (NPD) data allowed the determination
of the Debye model parameters, providing information on the
relative Rb-Br and Sn-Br chemical bonds. Synchrotron X-ray
diffraction experiments confirmed a tetragonal structure (space
group l4/mcm) and provided evidence on the presence of the
Sn?* lone electron pair (5s?) from a X-N study. Diffuse reflectance
UV-vis spectroscopy yields an indirect optical gap of ~3.08 eV,

“CSIC, Instituto de Ciencia de Materiales de Madrid, Cantoblanco 28049 Madrid,
Spain. E-mail: ja.alonso@icmm.csic.es

b Institut Laue Langevin, 38042 Grenoble Cedex, France

“INTEQUI, (UNSL-CONICET) and Facultad de Quimica, Bioquimica y Farmacia,
UNSL, Almirante Brown 1455, 5700, San Luis, Argentina

4 European Synchrotron Radiation Facility (ESRF), 71 Avenue des Martyrs, 38000
Grenoble, France

¢ CCAF, PPGCEM/CDTec, Federal University of Pelotas, 96010-610 Pelotas, Rio
Grande do Sul, Brazil

7 Departamento de Fisica de Materiales, Universidad Complutense de Madrid, E-
28040 Madrid, Spain

¢ Departamento de Fisica Aplicada, Universidad de Castilla-La Mancha, Ciudad
Real, E-13071, Spain

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2ce01488b

This journal is © The Royal Society of Chemistry 2023

José Luis Martinez, @2 Maria Teresa Fernandez-Diaz® and José Antonio Alonso & *2

coincident with the literature and ab initio calculations. A
maximum positive Seebeck coefficient of ~2.3 x 10* v Kt is
obtained at 440 K, which is one order of magnitude higher than
those reported for other halide perovskites. We obtain an ultra-
low thermal conductivity, below 0.2 W m™* K from 300 up to
550 K.

1. Introduction

Hybrid halide organic-inorganic perovskites have gained
important popularity in the past years due to their promising
potential for photovoltaic applications, reaching over 22% of
power conversion efficiency.'  All-inorganic  perovskite
derivatives are also excellent materials for solar cell
applications, because of their interesting optical properties
(i.e. bandgap tuning and quantum efficiency). With a
bandgap of 1.73 eV,> cubic CsPbl; is a great candidate;
moreover, it has a high fluorescence quantum yield and a
better tolerance to degradation when exposed to ambient
atmosphere and humidity. However, there is a major
drawback, which prevents its commercialization: the
stabilization of the cubic a-CsPblI; phase at room temperature
(RT) is still a challenge, since the cubic phase undergoes
transitions to an undesirable orthorhombic (8) polymorph.?

By the replacement, complete or partial, of I with Br, it is
possible to reach a more stable state; this is the case of the
orthorhombic CsPbBr; perovskite.” "> These chemical
modifications lead to a change in the opto-electronic
properties, such as high and constant photo-response, and
an improved stability under ambient conditions.
Unfortunately, the replacement of the I atoms increases the
bandgap of the CsPbBr; perovskite, up to a value of 2.3 eV.
Although it can still be applied in a variety of optoelectrical
systems,"® the relatively large bandgap would prevent its use
in solar cell devices.

Recently, various techniques for achieving greater
photoefficiencies in these halide perovskites have been

explored, including structural ordering and various
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topologies for the octahedral arrangements; this is the case
of CsPb,Brs,'%'*™" belonging to the APb,Xs family where A =
K, Rb, Cs and X = Cl, Br. Instead of the classical 3D network
of corner-sharing [PbBrg] units, CsPb,Brs; has a 2D
dimensionality with an interesting layered structure.'®"”"®
RbPD,Brs; is also part of this family of layered lead-containing
halides; this specimen has been found to be a promising
low-phonon energy material for tunable middle-and long-
wavelength infrared laser sources for applications such as
remote sensing.'”*® However, the presence of toxic Pb is a
major drawback and a huge restriction for its final
application and commercialization.

Consequently, great efforts have been addressed to the
development of Pb-free alternatives. It is the case of rubidium
di-tin pentabromide, RbSn,Brs, belonging to the 2D layered
tin-containing halide family. Although the optical and
dielectric properties were estimated recently,
research on its crystallographic structure and transport
properties has been reported yet, such as the electronic
conductivity, Seebeck coefficient or thermal transport.
Moreover, it turns out that many layered materials present
interesting properties for thermoelectric applications.*>*
High thermoelectric performances can be achieved
depending on the plane direction thanks to their layered
nature.”®*” This fact has become evident in compounds like
NaCo0,0,,%® Bi,Te;,>® CaSi,, or the recently
rediscovered SnSe, which reaches a thermoelectric figure of
merit (ZT = S%¢T/x) of ~2.8 due to the ultra-low thermal
conductivity of ~0.2 W m™ K measured in the out-of-plane
direction.*® The thermoelectric figure of merit involves the
Seebeck coefficient (S), the electrical conductivity (), the
thermal conductivity (x) and the absolute temperature (7),
and offers a way to characterize the thermoelectric
performance of a certain material at a given temperature.*"
All-inorganic halide perovskites in their polycrystalline bulk
form, such as the CsSnBr;_,I,, were recently proposed by H.
Xie et al. as potential thermoelectric materials.** Although
the figure of merit of this series barely reaches ~0.15, their
extremely low thermal conductivity (0.32 W m™ K for the
CsSnBrl,) makes them promising candidates for future
thermoelectric applications.>® As paradigmatic examples of
extremely low thermal conductivity in these polycrystalline
halide perovskites, we can highlight the 0.3-0.5 W m™ K™
reported for the MAPI (CH;NH;Pbl;) perovskite,®* the 0.43
and 0.33 W m™" K" for CsPbBr; and CsPb,Br; respectively,®®
and the 0.74 W m™ K™ reported for the CsSnl; compound.*®

Here, we have managed to synthesize a well-crystallized
powder of RbSn,Brs by a solvent-free mechano-chemical
method using a planetary ball-mill. A neutron powder
diffraction (NPD) experiment was carried out to accurately
study the crystallographic structure in a broad temperature
range (295-550 K), complemented with synchrotron X-ray
diffraction (SXRD) data at 100 K and 295 K. This specimen
presents a tetragonal symmetry described by the I4/mcm
(#140)*” space group, and no phase transitions have been
observed below the melting point. A study of the thermal
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evolution of the atomic mean square displacement factors
was carried out, from which we were able to describe the
Debye temperatures and to estimate the bonding stiffness in
RbSn,Brs. An optical gap of 3.08 eV is determined from UV-
vis spectra that was corroborated by ab initio calculations
(indirect bandgap of 2.9 eV). The characterization of this ball-
milled specimen is complemented with DSC measurements
and transport properties, revealing a huge Seebeck coefficient
of ~2 x 10* uv K™ at 400 K.

2. Experimental methods
Mechano-chemical synthesis

RbSn,Brs was synthesized in polycrystalline powder form by
mechano-chemical synthesis using a planetary ball mill from
stoichiometric amounts of SnBr, and RbBr. The total mass of
reactants was 1 g, which were weighed and mixed with 20
zirconia balls (5 mm diameter) in a N,-filled glove box. The
reaction took place in a Retsch PM100 mill for 3 h at 450
rpm, in a sealed zirconia-lined jar with N, atmosphere.

Structural characterization and analysis

A Bruker D5 diffractometer with Cu-K, (A = 1.5418 A)
radiation was used to collect a laboratory XRD pattern at
temperature. The thermal evolution of the
crystallographic structure was studied by neutron powder
diffraction (NPD) in D2B, a high-resolution two-axis
diffractometer at the Institut Laue-Langevin in Grenoble,
France. The NPD patterns were collected at room
temperature (295 K) and above (403, 473, 513 and 548 K) with
a wavelength of 1 = 1.594 A. The sample was contained in a
cylindrical vanadium holder of 6-8 mm diameter coupled to
a vanadium furnace working under SXRD
experiments were conducted at the 11-BM beamline in APS,
at the Argonne National Laboratory, Illinois, USA. The SXRD
patterns were collected at room temperature (295 K) and at
100 K with a wavelength of 1 = 0.45894 A. The SXRD and NPD
data were analysed with the Rietveld method using the
FullProf program.’®*° The refined parameters were the
following: zero-point error, background coefficients, scale

room

vacuum.

factor, asymmetry factors, lattice parameters (a, c), atomic
fractional coordinates (x, y, z), and isotropic thermal
displacements (uiso).

Thermal and morphological characterizations

Differential scanning calorimetry (DSC) measurements were
carried out in the range 130 K up to 520 K in a Mettler
TA3000 system equipped with a DSC30 unit. The heating and
cooling rates were 10 K min™", using about 70 mg of sample
in each run. The specific heat was recorded in the PPMS with
an adiabatic heat pulse method, starting from pressed pellets
cut with a diamond saw to fit into the sample-holder
dimension. The ¢, curve is shown and discussed in the ESL}
Field-effect Scanning Electron Microscopy (FE-SEM) images
were obtained using an FEI Nova microscope, with an

This journal is © The Royal Society of Chemistry 2023
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acceleration potential of 5 kV, coupled to an energy-dispersive
X-ray spectrometer (EDX), working with an accelerating voltage
of 18 kv and 60 s of acquisition time. A UV-vis
spectrophotometer Varian Cary 5000 was employed to measure
the optical diffuse reflectance spectrum at room temperature.

Thermoelectric characterization

The resulting powder was cold pressed into a pellet using an
8 mm die to perform transport measurements. The achieved
density was around 93% of the theoretical crystallographic
density, calculated geometrically. The Seebeck coefficient was
derived by measuring simultaneously drop voltages across
the sample and a constantan reference wire with an
electrometer (Keithley 6517B) and nanovoltmeter (Keithley
2182A) under vacuum (10~ mbar). The electrical resistivity
was measured in an Agilent E4980A LCR meter. The total
thermal conductivity was obtained by the laser-flash
technique, calculated from the thermal diffusivity () in a
Linseis LFA 1000 equipment. The thermal conductivity («)
was determined using x = a x ¢, x d, where ¢, is the specific
heat and d is the sample density.

3. Computational methods

Theoretical models based on density functional theory were
built in order to assist the understanding of the electronic
transitions and the chemical environment. The models were
created using the CRYSTAL17 package®® with the HSE06
functional.*’ The atomic bases of all atoms used in the
calculations were the Triple-Zeta valence with the
polarization Gaussian basis (POB-TZVP) sets developed by
Laun et al.** The Coulomb and exchange series thresholds
are controlled according to five parameters (overlap and
penetration for Coulomb integrals, the overlap for HF
exchange integrals, and the pseudo-overlap), which were set
as 8, 8, 8, 8, and 16, respectively. The shirking factors (Pack-
Monkhorst and Gilat net) were 6 and 6, respectively. The
gradient component and the nuclear displacement of the
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structure optimization were set with a tolerance on their
root-mean-square of 0.0003 and 0.0012 a.u., respectively. The
topological analysis of the critical points of the chemical
bonds was performed according to the “quantum theory:
atoms in molecules” (QTAIM) with the TOPOND program,
which is part of the CRYSTAL17 package.

4. Results and discussion
Initial characterization

RbSn,Br; was stabilized as a pale-cream polycrystalline
powder. An initial identification of the sample was carried out
on a laboratory X-ray diffractometer at room temperature (RT)
confirming the presence of RbSn,Brs, as described below.

Fig. 1a shows the thermogravimetric curve, exhibiting the
beginning of the sample decomposition above ~523 K by
weight loss due to Br elimination. The inset illustrates one
cycle of a DSC curve, with their respective cooling and
heating runs. Fig. 1b displays an amplified area of the DSC
graph, highlighting a reversible peak with non-negligible
hysteresis at 562 K (heating run, endothermic) and 523 K
(cooling run, exothermic), probably related to the melting
and recrystallization of the sample, respectively.

Fig. S2a-d (ESI}) illustrate some representative micrographs
from FE-SEM images, giving insight into the microstructure of
this product as-synthesized by ball milling. An overall view with
low magnification (7000x) revealed irregular-shaped clusters of
particles of different sizes (Fig. S2at). Some other micrographs
depicted regular edges and faces (Fig. S2bf at 25.000x).
However, large magnification views (Fig. S2c and df up to
86.610x) unveil that they are indeed formed by tiny nano-
particles of uneven form, with typical size about 50 nm, which
are grown during the ball milling process.

EDX analysis coupled to the FE-SEM images confirmed
the homogeneity of the composition across the particles, and
the analysis yields an atomic composition close to 1:2:5 for
the Rb:Sn:Br ratio. A typical EDX spectrum is included in
Fig. S2 in the ESL}

523K

€xXo

S5 cooling 1

|

——
heating

562 K~ 4
460 480 500 520 540 560 580 600
Temperature (K)

Fig. 1 a) Thermogravimetric curve, showing weight loss upon decomposition of the sample above 523 K. Inset: First and second cycle of DSC
curves. b) Enlarged area of the DSC curve showing a reversible peak at 562 K (endothermic in the heating run) and 523 K (exothermic in the

cooling run).
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Crystal structure analysis

As mentioned above, the sample structural characterization
was carried out on a laboratory X-ray diffractometer at room
temperature (RT). In agreement with previous studies, the
RbSn,Brs sample presented a tetragonal unit-cell indexable
within the I4/mcm space group (#140), belonging to the (NH,)
Pb,Br; structural type.** A preliminary Rietveld refinement
was carried out from XRD data, with unit-cell parameters a =
8.4260(13) A and ¢ = 14.717(3) A. Fig. 2a displays the Rietveld
refinement fit.

The crystal structure evolution was investigated from
neutron powder diffraction data. Diffraction patterns were
collected as a function of temperature (300-548 K) in the D2B
diffractometer at the ILL, Grenoble. As mentioned, the
sample presents a tetragonal symmetry defined in the 14/mcm
space group. Within this model, Rb* and Sn®>" ions are
located at 4a (0,0,1/4) and 8k (x, x + 0.5,0) Wyckoff sites,
respectively. The two types of bromine, Brl and Br2, are
located at 4c¢ (0,0,0) and at 16/ (x,y,z) positions. The refined
unit-cell parameters at RT are a = 8.4328(10) A, ¢ = 14.735(2)
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Fig. 2 Observed (red crosses), calculated (full black line), difference (blue

line), Bragg position (green vertical bars) Rietveld profiles for RbSn,Brs at
room temperature as extracted from a) XRD and b) NPD data.
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Table 1 Crystallographic parameters for the RbSn,Brs phase in the

tetragonal system (I4/mcm) from NPD data at RT. a = 8.4328(10) A, ¢ =
14.735(2) A and V = 1047.9(2) A®

X y Z Uiso Joce
Rb 0 0 0.25 0.033(3) 1
Sn 0.1763(6) 0.6763(6) 0 0.051(3) 1
Bri 0 0 0 0.040(5) 1
Br2 0.1625(3) 0.6625(3) 0.37000 0.0338(18) 1
Anisotropic atomic displacement parameters (A%)

Ull UZZ U33
Sn 0.051(3) 0.051(3) 0.051(3)
Bri 0.033(3) 0.033(3) 0.054(7)
Br2 0.0358(14) 0.0358(14) 0.030(2)

Ry = 1.80%, Ryp = 2.30%, x* = 1.54, Rprage = 6.94%

A, and V = 1047.9(2) A%, which resemble those reported: a =
8.4339(1) A, ¢ = 14.7502(2) A, and V = 1049.19 A33° The
corresponding Rietveld refinement at RT is presented in
Fig. 2b. Table 1 displays the main crystallographic
parameters at RT.

Fig. 3 displays three views of the crystal structure of
RbSn,Br; at room temperature. The structure consists of
layers of [SnBrg] polyhedra sharing edges and triangular
faces, connected by Rb" ions. The greatly distorted Sn-Br
polyhedra contain four short bond-lengths of Sn-Brl =
3.108(4) A and Sn-Br2 = 2.713(3) A, forming a square pyramid
with Sn in the apex (Fig. 3b), and four additional Br2 at
superior distances of Sn-Br2 = 3.442(5) A, completing the
polyhedra. This asymmetrical configuration is probably
driven by the stereochemical effect of the 5s* lone electron
pair of Sn**. The distance between Sn atoms is 4.396(8) A.
Rb" ions are coordinated with bromine anions as Rb-Brl =
3.6837(6) A (x2) and Rb-Br2 = 3.620(3) A (x10). The bond
valence***® of Rb is fully satisfied in this compound, with a
calculated value of vgp, = 1.001(1), whereas Sn atoms are
slightly underbonded, with vg,, = 1.864(9), at RT.

Fig. 3 Views of the layered crystal structure of RbSn,Brs; a) the SnBrg
polyhedra constitute layers within the ab plane that alternate with Rb
atoms; b) the four short Sn-Br bonds conform square pyramids, driven
by the 5s lone pair repulsion; c) SnBrg units share edges and faces
within the layers.

This journal is © The Royal Society of Chemistry 2023
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No major structural changes were observed above room
temperature. Fig. 4 shows the unit-cell parameters and volume
evolution with temperature, exhibiting the expected positive
thermal expansion behaviour. Even the last NPD diagram,
collected at 548 K, just below the thermal event identified in the
DSC curves at 562 K (Fig. 1b) and assigned to the sample
melting, can be properly refined in the same structural type,
with no symptoms of phase transition, decomposition or
deviation of the main structural parameters.

The crystal structure analysis at RT (295 K) and at low
temperature (100 K) was completed from SXRD data. Both
high-resolution patterns were properly fitted in the described
tetragonal structure (/4/mcm space group), thus confirming the
previous NPD results. The high resolution of synchrotron data
allowed the identification of a minor amount of Rb,SnBr. This
phase was included in the refinements and its amount was less
than 2% wj/w. Fig. S37 shows the fitted patterns and Tables S1
and S21 list the crystallographic parameters. These results
reveal the high stability of the tetragonal phase over a wide
temperature range of at least 448 K (from 100 to 548 K).
Moreover, the importance of having both synchrotron and
neutron diffraction data resides in the possibility of analysing
jointly the electronic and nuclear density of the crystal
structure. This is particularly interesting in the RbSn,Brs
halide, because it allows searching density deviations due to
the lone pair effect in Sn*>*. To accomplish this, the so-called
X-N method was used. Thus, the positions of the nuclei
determined from neutron data are utilized to perform
difference Fourier syntheses from SXRD data, which contain
information on the electron distribution in the crystal. Then,
difference Fourier maps were drawn and asymmetric densities
were searched around Sn** cations. Fig. 5 displays the
difference electron density obtained over the (001) plane, where
an appreciable density is observed close to Sn>" ions and
opposite of Sn-Br bonds. The position and intensity of these
densities allow the confirmation of the stereochemical effect of
the 5s® lone electron pair of Sn** on the distribution of the
chemical bonds. Thus, the Sn** lone electron pairs tend to
occupy the empty space of the crystal structure and are
responsible for the distorted coordination polyhedra of these
cations, in pseudo-square pyramids, as shown in Fig. 3 and 5.

View Article Online
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Fig. 5 Electron density obtained from the X-N procedure along the
(001) plane overlaid with the SnBr, polyhedral structure.

Mean-square displacements

The  temperature-dependence of the  mean-square
displacements (MSDs) of the atomic species Rb, Sn, and Br
within the system RbSn,Brs; was analysed by the Debye
model.***® This model employs the isotropic displacement
parameters (Ueq, in units of A%) as derived from the neutron
powder diffraction at 300-548 K, as follows:

32T | T (/7T 0
[ J X L (1)

= | = dx + -2
T mkgt? |Op )y e -1 tar

where m is the atomic mass, kg the Boltzmann constant, 7%
the reduced Planck constant, and T the absolute temperature.
Both the Debye temperature (fp) and quadratic static
displacement (d3) are the parameters to be obtained after the
non-linear regression. The precise evaluation of the static
displacements is strongly dependent on the low-temperature
data, being not the case of this work; therefore, such a
parameter was kept equal to zero and only room to high-
temperature range were used in eqn (1).

Fig. 6 represents the temperature-dependence of the MSDs
for Rb, Sn, and Br with their respective best fittings to the
Debye equation. The present crystal structure has two
bromide atoms at two non-equivalent sites (Brl and Br2);

8.54
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Fig. 4 Plots of the evolution of the lattice constants a, ¢ and, V of RbSn,Brs with temperature as obtained from neutron powder diffraction data.

The error bars are smaller than the size of the symbols.

This journal is © The Royal Society of Chemistry 2023

CrystEngComm, 2023, 25, 1857-1868 | 1861


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ce01488b

Open Access Article. Published on 07 February 2023. Downloaded on 7/19/2025 12:14:48 PM.

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

(cc)

Communication

0'11 T T T T T T T T T T T T T T T T T T
O Rb :6,=1044K
| O sn:e,= 919K
0.09 & Br1:6,=1320K ]
¥ Br2:6,=121.6K i -O.'.' -

0.07

MSD [A?]

0.05

0.03 7.

1 1 Il 1 1 1
250 300 350 400 450 500 550 600
Temperature [K]

Fig. 6 Temperature dependence of Ueq (MSDs) for Rb, Sn, Brl, and
Br2 atoms. Open symbols denote the MSD values extracted from the
Rietveld refinement of NPD data. The dotted lines are the best fittings
to the experimental data using the Debye equation. Standard
deviations are smaller than the size of the symbols.

therefore, they were independently evaluated. The Debye
temperatures were calculated, namely: Rb (104.4 K), Sn (91.9
K), Brl (131.9 K), and Br2 (121.6 K). Since tin is heavier than
rubidium, its Debye temperature is smaller than that of Rb.
The Debye temperature of RbSn,Brs was estimated by
averaging the individual temperature values for each site,
considering the site multiplicity and atomic masses. It leads
to an average Debye temperature of 110.9 K, which is a value
ranging within that already reported for Rb- and Br-based
halides.*® The bonding stiffness evaluation for Rb-Br and
Sn-Br can be conducted by the harmonic one-particle
potential model (h-OPP),>"*> where a force constant is
defined from 6, and atomic mass:
Ky — mky 02
30’

(2)

here, Ky, is the force constant in units of eV A2 The as-
obtained K, values are the next ones: 0.55 eV A2 for Rb, 0.59
eV A" for Sn, 0.82 eV A for Br1, and 0.70 eV A2 for Br2. It
means that the potential values of Rb and Sn are quite
similar to each other. Although the average bond distance
Rb-Br ({(d) = 3.63 A) is around 1.25 times greater than Sn-Br
({d) = 2.91 A), meaning that Rb atoms have a huge cavity with
free-space to move along the Rb-[SnBr,] beating mode, the
tetrahedral coordination (74-fold) is an important factor to
decrease the harmonic potential of the Sn-Br bond.
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Fig. 7 (a) Rb-Br and Sn-Br pair-bonds within the RbSn,Brs unit-cell.
v2p isolines of the (b) (001) plane with the Rb-Br bonds and (c) (-1-11)
plane with the Sn-Br bonds. Those planes were chosen so as to
provide a better visualization of the topochemical isolines.

The critical points parameters of each kind of bond
present in RbSn,Brs were calculated and are listed in Table 2.
The different bonds are highlighted in Fig. 7a, where Rb-Br1
and Rb-Br2 are the blue and grey bonds, respectively, in the
unit-cell on the left; Sn-Br1, Sn-Br2, and Sn-Br3 are yellow,
brown and light grey bonds, respectively, in the unit-cell
representation on the right. One may notice that the electron
density is more localized along the Sn-Br pair-bond than that
along Rb-Br, which agrees with the Debye analysis performed
using the MSD data.

The topological parameters listed in Table 2 were used to
estimate the types of bonds present in the structure. All the
bonds exhibit small values of p with positive values of V?p,

Table 2 Critical points parameters from topological analysis of RbSn,Brs: bond length, electron density (p), Laplacian of electron density (V2p), virial field
density (v), Lagrangian kinetic energy density (G), and the total energy (H) of the bonds

Bond Length (A) p (x107%) V% (x1072) G (x107%) v (x107%) H (x107%) v|/G
Rb-Br1 3.5905 7.47 2.55 5.15 -3.91 1.24 0.76
Rb-Br2 3.7676 5.21 1.93 3.76 -2.68 1.08 0.71
Sn-Br1 2.7636 45.2 7.73 27.1 -34.9 -7.79 1.29
Sn-Br2 2.9827 28.2 5.54 15.5 -17.2 -1.67 1.11
Sn-Br3 3.1687 21.2 4.28 10.9 -11.1 -0.18 1.02
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which suggests that the bonds have a predominant ionic
character.”®>* However, there are relevant differences between
the two types of bonds (Rb-Br and Sn-Br): the H parameters
have opposite magnitudes, with positive values for Rb-Br bonds
and negative for the Sn-Br bonds. In the same way, the |v|/G
parameters are lower than 1 for the Rb-Br bonds and greater
than 1 and less than 2 for the Sn-Br bonds. The behavior of the
Rb-Br critical points still indicates values directly related to
ionic-type bonds. On the other hand, the different tendencies
for the critical-point parameters found in the Sn-Br bonds
suggest a transient behaviour, meaning that a certain covalent
character cannot be neglected. These theoretical observations
are in agreement with experimental estimations made from the
Debye analysis. The V?p isolines with the highlighted selected
planes containing the Rb-Br and Sn-Br bonds of the unit-cell
are represented in Fig. 7b and c. In addition to the evaluation of
the critical point described above, it is possible to see the
isolated isolines at the Rb sites (Fig. 7b) as resulting from its
predominant ionic character. In Fig. 7c, the Sn presents shared
isolines with the Br sites.

Thermoelectric properties

As we mentioned before, there is still not much information

about the transport properties of this halide. It is
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enlightening to compare it with other similar compounds
such as RbPb,Brs;, also prepared by ball-milling®® Fig. 8
shows the transport thermoelectric properties measured near
RT, 8a exhibits the resistivity, 8b the Seebeck coefficient and
9c the power factor. The resistivity continually diminishes
from 2.5 x 10° Q m at 320 K, down to 8 x 10> Q m at 560 K, a
decrease which is very similar to that shown by the RbPb,Brs
halide, and we conclude that it is caused by the thermal
activation of the minority carriers. The activation energy of
these carriers is calculated from the electrical conductivity,
yielding a result of approximately 451 meV (Fig. S4 and S57).
Although the resistivity is reduced by several orders of
magnitude as the temperature increases, it is still too high to
be competitive with other thermoelectric materials, including
some halide perovskites.”® However, this resistivity is close to
the ~3.3 x 10° Q m reported for undoped MAPbBr; single
crystals.””

Regarding the Seebeck coefficient, the RbSn,Brs halide
shows a Seebeck coefficient of ~2.3 x 10* pv K* at 440 K,
which is quite similar (in absolute value) to that reported for
the ball milled RbPb,Brs; (-1.3 x 10* uv K ' at 440 K).
However, unlike for RbPb,Brs;, the Seebeck coefficient is
always positive from 400 K up to 520 K, indicating a p-type
conductivity, and lying between ~2 x 10* uv K" and ~10° pv
K™ for all the measured temperature range.
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Fig. 8 a) Electrical resistivity, b) Seebeck coefficient, c) power factor, d) thermal conductivity () and e) thermoelectric figure of merit (ZT) of

RbsnzBrs.
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We can notice that the maximum value is about two
orders of magnitude higher than the Seebeck coefficients
reported for other halide perovskites like CsSnBr;, and hybrid
perovskites like MAPbBr;,”®°” probably due to a lower carrier
density. Despite this huge Seebeck coefficient, and as
happens in RbPb,Brs, the power factor remains between 3 x
107® and 107 mW m™ K™ due to the high resistivity (see
Fig. 8c). These are very low values if compared with other
layered materials known for their thermoelectric
applications, such as Bi,Tez, CaSi, or SnSe, which can reach
a power factor of ~400 mW m™" K '.>%°%>°

As Fig. 8d illustrates, the thermal conductivity « is lower
than that reported for other halide and hybrid
perovskites;>*>” it always remains between 0.20 and 0.15 W
m™ K at all the measured temperatures, from 323 K up to
523 K; this thermal conductivity is even lower than that
reported for RbPb,Brs, ~0.25 W m™* K*' at room
temperature, and is similar to that shown even by organic
materials like Teflon.®® Moreover, this thermal conductivity is
lower than that, already low, of, for instance, GeH*" and most
of the SnSe specimens, of which only the SnSe thin films can
achieve a thermal conductivity lower than 0.2 W m™* K *.%2
Those values derive from the low Debye temperatures for Rb,
Sn, and Br, as we will detail next.

As we stated before, the Sn>" lone electron pairs are
driving the distortion of the coordination polyhedra of these
cations, as shown in Fig. 4 and 6. In the mixed halide
CsSnBr;_,I,, the distortion of the SnXy octahedra has been
proven to produce a highly dynamic and disordered structure
in this compound,* which gives rise to a very low Debye
temperature (between 103 and 107 K) and phonon velocity.
The Debye temperature that we have calculated from our
experimental data is also very low, an average of 110.9 K,
which suggests that the distortion caused by the Sn** lone
electron pairs produces a similar effect in the thermal
conductivity, as reported by H. Xie et al’® Our thermal
conductivity of ~0.2 W m™ K™ measured in RbSn,Br; is even
lower than that reported by H. Xie et al. for the CsSnBr;_,I,
series, where values as low as 0.32 W m™* K * are achieved.

This ultra-low thermal conductivity’®®* can be considered
as a major finding regarding the thermoelectric properties of
RbSn,Brs, making possible the future improvement of this
compound for practical thermoelectric applications.

All these magnitudes are combined in a ZT figure of merit,
Fig. 8e, defined as ZT = S’¢T/x. Despite this ultra-low thermal
conductivity, the power factor limits the resulting figure of
merit, which yields ZT = 1.5 x 10™® at 523 K. Although it is very
low compared with state-of-the-art thermoelectric materials, it
is comparable to other reported values for halide perovskites,
like Bi-doped MAPDbBr;, which shows a ZT of 1.8 x 10°° at 293
K,>” or RbPb,Brs, showing a ZT of ~107° at 573 K.

Optical gap by UV-vis spectra

By performing diffuse reflectance UV/vis spectroscopy, it is
possible to study the absorption capacity of RbSn,Brs. Fig. 9
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spectrum of RbSn,Brs. b) Density of states projection of the RbSn,Brs
as calculated from DFT methods.

shows the optical absorption coefficient related to the
Kubelka-Munk function versus wavelength in units of
electron-volts. The bandgap has been calculated by
extrapolating the linear region to the abscissa, obtaining a
value of 3.08 eV; this value is in agreement with that reported
in the literature of 3.2 eV.>! The nature of this bandgap was
evaluated by DFT methods, as shown in Fig. 9a. Such a
density of states for RbSn,Brs has both the top of the valence
band (VB) and the bottom of the conduction band (CB)
composed mainly of Br and Sn orbitals. However, in the VB
the density of Br states stands out concerning the Sn states
and, in the CB, the inverse is observed. The theoretical
bandgap from this structural model was 2.9 eV with an
indirect characteristic.

Conclusions

By a mechano-chemical method using a ball mill, RbSn,Brs
has been successfully synthesized in a well-crystallized
powder form. The crystal structure evolution has been
studied and followed from SXRD and NPD data, presenting a

This journal is © The Royal Society of Chemistry 2023
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I4/mcm tetragonal phase with no phase transitions in the
100-548 K range. The Sn coordination polyhedron contains
four relatively short distances in a distorted square pyramid
with Sn at the top; this is completed with four much longer
Sr-Br bond lengths in distorted [SrBrg] polyhedra; this
configuration is driven by the stereochemical effect of the 5s>
lone electron pair of Sn*" ions, as it was confirmed from X-N
analysis using both NPD and SXRD data. By combining the
thermal evolution of the atomic mean square displacements
and the Debye model, it was possible to determine the Debye
temperatures of the atoms in the system, the relative stiffness
of the Rb-Br vs. Sn-Br chemical bonds, following the
harmonic one-particle potential OPP model. It was
determined that the bonding nature of the Rb-Br and Sn-Br
bonds is similar but, since the bonding distances differ, the
Rb atoms present a larger space to move along. The
thermoelectric properties are appealing, regarding a large
Seebeck coefficient and an ultra-low thermal conductivity
below 0.2 W m™" K, although the large electrical resistivity
leads to a negligible figure of merit. An indirect optical band
gap of 3.08 eV was measured from the UV-vis spectrum,
comparable to the values determined by DFT methods and
those reported in the literature.
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