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Rubidium di-lead pentabromide, RbPb,Brs, belongs to a family of layered lead-containing halides, with the
common formula APb,Xs (where A = K, Rb, Cs; X = Cl, Br). The optical properties of RobPb,Brs and rare-earth
doped specimens are promising as low-phonon energy materials for tunable middle infrared and long-
wavelength infrared laser sources, with suitable stability and resistance to wet conditions. In contrast to
CsPb,Brs, the Rb counterpart has been barely studied and deserves further attention. Up to now, there have
been no experimental reports on the transport properties such as the electronic conductivity, Seebeck
coefficient or thermal transport. We describe here that this material can be prepared by ball milling in a
straightforward way, yielding specimens with superior crystallinity. A structural investigation using synchrotron
X-ray powder diffraction (SXRD) data combined with neutron powder diffraction (NPD) in a wide temperature
range, from 15 to 573 K, was essential to evaluate the thermal evolution and to determine the Debye constants,
yielding information on the relative Rb—Br and Pb—Br chemical bonds. In combination with DSC and TG mea-
surements, no phase transitions were observed. Furthermore, an analysis of SXRD and NPD data (XRD-NPD) at
room temperature reveals the directions of electron lone pair of Pb?* ions lead atoms: its stereochemical effect
is obvious in the [PbBrg] octahedral distortions. Diffuse reflectance UV-Vis spectroscopy yields an optical gap of
3.36 eV, close to that determined for a single-crystal material. Photoluminescence measurements indicate a

Received 16th February 2022, lack of overlap between the excitation and emission spectra, due to the considerable Stokes shift, which

Accepted 29th March 2022 prohibits self-absorption and thus enables applications in photovoltaics and biomedicine. The experimental

DOI: 10.1039/d2tc00653g information about the chemical bonds and band gap was studied via first-principles calculations. A maximum
positive Seebeck coefficient of 3200 pV K~! is obtained at 560 K, which is one order of magnitude higher than

rsc.li/materials-c those reported for other halide perovskites.

Introduction applications in view of their high power conversion efficiency,

which reaches values above 22%, close to silicon-based solar
Since 2012, hybrid halide perovskites containing both organic cells." However, totally inorganic perovskite derivatives also
and inorganic cations have attracted attention for photovoltaic ~ depict interesting optical properties with a great potential for

“ Instituto de Ciencia de Materiales de Madrid, CSIC, Cantoblanco, 28049 Madrid, Spain. E-mail: ja.alonso@icmm.csic.es, calopez@unsl.edu.ar
b Institut Laue Langevin, BP 156X, F-38042 Grenoble, France

¢ Instituto de Investigacion en Tecnologia Quimica (UNSL-CONICET) and Facultad de Quimica, Bioquimica y Farmacia, 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

" Instituto de Catdlisis y Petroleoquimica, CSIC, Cantoblanco, 28049 Madrid, Spain

! Institute for Solid State Physics and Optics, Wigner Research Centre for Physics, P. O. Box 49, Budapest, H-1525, Hungary

J CELLS-ALBA synchrotron Light Facility, Cerdanyola del Valles, Barcelona, E-08290, Spain

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2tc00653g

This journal is © The Royal Society of Chemistry 2022 J. Mater. Chem. C, 2022, 10, 6857-6865 | 6857


https://orcid.org/0000-0002-5964-7103
https://orcid.org/0000-0002-1999-3116
https://orcid.org/0000-0002-9220-5809
https://orcid.org/0000-0002-7856-3642
https://orcid.org/0000-0002-4014-7555
https://orcid.org/0000-0001-9046-8237
https://orcid.org/0000-0002-2574-4909
https://orcid.org/0000-0001-9465-3106
https://orcid.org/0000-0001-5329-1225
http://crossmark.crossref.org/dialog/?doi=10.1039/d2tc00653g&domain=pdf&date_stamp=2022-04-12
https://doi.org/10.1039/d2tc00653g
https://rsc.li/materials-c
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2tc00653g
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC010017

Open Access Article. Published on 30 March 2022. Downloaded on 10/29/2025 9:01:55 AM.

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

(cc)

Paper

solar cell applications; it is the case of the cubic CsPbl;, due to
its narrow bandgap of 1.73 eV.> Such compounds are less
sensitive to ambient oxygen and water, yet have a high fluores-
cence quantum yield. The main hindrance here for its wide-
spread use resides on the difficult stabilization of the cubic
a-CsPbl; phase at room temperature, which undergoes a phase
change to the undesirable orthorhombic (6) phase (non-
perovskite).?

A recognized strategy to improve the stability in CsPbl;
concerns a partial or complete substitution of I by Br, which
leads to a more stable orthorhombic CsPbBr; perovskite.*
Bromide also acts by changing the bandgap according to its
content. Such a perovskite shows a high and constant photo-
response, being also more stable than CsPbI; to ambient
atmosphere and humidity. However, CsPbBr; presents a higher
bandgap (2.3 eV), that would hinder its application in solar cell
devices, although allowing its use in optoelectronic systems.®

Very recently, interesting alternative strategies have been
developed to achieve higher photoefficiencies in these halide
perovskites, which include structural ordering and different
topologies for the octahedral arrangements in the case of
Cs;3Bi,Bry"* ' and CsPb,Brs.>>* From a topological view, the
former has 0D dimensionality (i.e. no connection between
octahedra) and the latter a 2D one, instead of the classical 3D
arrangement of CsPbBr; with corner-sharing [PbBrg] units.
Cs;Bi,Bry exhibits good stability, while CsPb,Brs has added
interest due to its layered structure for thin film fabrication and
application in photovoltaic devices.**™>°

Rubidium di-lead pentabromide, RbPb,Br;5, belongs to this
fascinating family of layered lead-containing halides, with the
common formula APb,X; (where A = K, Rb, Cs; X = Cl, Br). The
crystal growth and emission properties of RbPb,Brs were
described in the nineties,”” and the electronic structure and
optical properties were estimated more recently,”® finding this
halide and rare-earth doped specimens to be promising as low-
phonon energy materials for tunable middle infrared (mid-IR)
and long-wavelength infrared (long-wave-IR) laser sources for
remote sensing and other applications.”®*® In contrast to
CsPb,Brs, the Rb counterpart has been barely studied and it
deserves further attention. Despite the mentioned antecedents,
up to now there are no experimental reports on the transport
properties such as the electronic conductivity, Seebeck coeffi-
cient or thermal transport.

In this work, we have succeeded in the synthesis of a well-
crystallized RbPb,Brs specimen using a solvent-free mechano-
chemical method, enabling an accurate structural study from
synchrotron X-ray diffraction (SXRD) and neutron powder
diffraction (NPD) in a wide temperature range. RbPb,Br5 is
tetragonal, defined in the space group I4/mcm (#140),>' and
does not experience any phase transition below the melting
point.*? In this paper, we derive the Debye temperatures from
the atomic displacement factors, yielding interesting trends for
the relative strength of Rb-Br vs. Pb-Br chemical bonds,
complemented by DFT-based calculations. An optical gap of
3.36 eV is determined from UV-Vis spectra. The characteriza-
tion of this ball-milled specimen is complemented by DSC
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measurements and scanning microscopy. Transport properties
reveal a Seebeck coefficient of 13000 v K~ * at 440 K.

Experimental methods

RbPb,Brs; was synthesized in the polycrystalline form by
mechano-chemical synthesis (ball milling) from stoichiometric
amounts of PbBr, and RbBr. The total mass of reactants was
1.5 g, which were weighed and mixed with 20 zirconia balls
(5 mm diameter) in a N,-filled glove-box. The reaction was
carried out in a Retsch PM100 mill for 4 h at 450 rpm, in a
sealed zirconia-lined jar in an N, atmosphere. Laboratory XRD
patterns were collected in a Bruker D5 diffractometer with
Cu-K, (4 = 1.5418 A) radiation. The thermal evolution of the
crystallographic structure was studied by SXRD, at room tem-
perature (30 °C) and above (100, 200, 300, 400, and 500 °C).
SXRD patterns were collected in high angular resolution mode
(the so-called MAD set-up) on the MSPD diffractometer in an
ALBA synchrotron in Barcelona, Spain, selecting an incident
beam with 38 keV energy, 4 = 0.325760 A.>* The sample was
contained in a 0.5 mm diameter quartz capillary that was
rotating during the data acquisition. NPD patterns were
sequentially collected using a D20 instrument, a high-flux
diffractometer in the ILL reactor (Grenoble) with a wavelength
of 1.540 A, in the 15-396 K temperature interval, with a 5 K step
and 30 min collection time for each diagram. NPD and SXRD
patterns were analyzed using the Rietveld method using the
FullProf program.®**® Differential scanning calorimetry (DSC)
measurements were carried out in the range 130 K to 520 Kin a
Mettler TA3000 system equipped with a DSC-30 unit. The
heating and cooling rates were 10 K min ', using about
70 mg of sample in each run. Field-effect Scanning Electron
Microscopy (FE-SEM) images were obtained on a FEI-Nova
microscope, with an acceleration potential of 5 kV, coupled to
an energy-dispersive X-ray spectrometer (EDX), working at an
acceleration voltage of 18 kV and 60 s of acquisition time. The
optical diffuse reflectance spectrum was measured at room
temperature using a UV-Vis spectrophotometer Varian Cary
5000. Photoluminescence spectra were measured on a HORIBA
Jobin Yvon Fluorolog-3 spectrofluorometer (Nanolog). Solid
powder samples were placed between two CaF, plates and
illuminated by a 450 W Xenon lamp at 45° incidence. The
emission was detected using an R928P photomultiplier tube.
The resulting powder obtained from ball milling was
pressed into a pellet by hand using a cold press, while the
sample was kept at room temperature throughout the whole
process. The resistivity and thermal conductivity were mea-
sured in the pressed pellet, which was cut into a bar shape
using a diamond saw to measure the Seebeck coefficient. The
Seebeck coefficient was obtained by simultaneously measuring
drop voltages across the sample and a constantan reference
wire with an electrometer (Keithley 6517B) and nanovoltmeter
(Keithley 2182A) under vacuum (10~ mbar). Electrical conduc-
tivity measurements were carried out by using a HP 4284 LCR
analyzer in the 20 Hz-1 MHz frequency range, with an applied

This journal is © The Royal Society of Chemistry 2022
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ac voltage of 0.5 V. Electrodes were deposited on the pellet’s flat
surfaces by applying silver paste. The total thermal conductivity
was calculated from the thermal diffusivity («) using a Linseis
LFA 1000 equipment, using the laser-flash technique. Both
faces of the sample were covered with a thin graphite layer to
ensure black body emissivity. The thermal conductivity (x) was
determined using x = acpd, where ¢, is the specific heat and d is
the sample density.

Computational methods

A theoretical model based on Density Functional Theory (DFT)
using the CRYSTAL17 package was performed to support the
chemical environment of the system.*® The HSE06 hybrid
functional was used since it generates similar results to the
structural and electronic data of the experimental system.?” The
atomic basis set was defined using Triple-Zeta valence with
the polarization Gaussian basis (POB-TZVP) sets developed by
Laun and co-workers.*® The Coulomb and exchange series in
the CRYSTAL17 package is controlled by five thresholds (over-
lap and penetration for Coulomb integrals, the overlap for HF
exchange integrals, and the pseudo-overlap), where the values
defined for the calculations were 8, 8, 8, 8, and 16 (108, 1072,
107%, 107%, and 10~ '®). The two shirking factors (Pack-Mon-
khorst method for the grid of k points and Gilat net for the
sampling) were set to 6 and 6, respectively. In the structure
optimization step, the gradient components and nuclear dis-
placements were adjusted with tolerances on their root mean
square of 0.0003 and 0.0012 a.u., respectively. The chemical

View Article Online

Paper

environment was evaluated using “Quantum Theory: Atoms in
Molecules” (QTAIM) using TOPOND, a program that is part of
the crystal package.*

Results and discussion
Initial characterization

The sample was obtained as a white microcrystalline powder;
the laboratory XRD pattern at room temperature exhibits a
tetragonal symmetry, in agreement with previous reports,
indexable in the space group I4/mcm. It belongs to the
(NH,)Pb,Br; structural type.’® The crystal structure was pre-
liminary refined in this structural model from laboratory XRD
data, as displayed in Fig. S1 (ESIf), obtaining as unit-cell
parameters a = 8.4562(4) A and ¢ = 14.584(1) A.

Fig. 1a and b illustrate the DSC curves (in the heating and
cooling runs) and the TG curve, respectively. No significant
events are identified in the calorimetric curve in the 130-520 K
temperature range, while the weight low above 600 °C indicated
full decomposition of the sample, by Br loss.

Fig. 1c and d illustrates some FE-SEM images, giving insight
into the microstructure of this product, synthesized by ball
milling. An overall view with low magnification (18500x)
shows irregular-shaped clusters of particles of different sizes
(Fig. 1c). However, in a large magnification view (100000x),
Fig. 1d unveils that they are indeed formed by tiny nano-
particles of uneven form, with a typical size of 140-170 nm,
which are grown during the ball milling process. EDX analysis
coupled to the FE-SEM images yields an atomic composition
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Fig. 1

(a) First and second cycle of DSC curves. (b) TG curve, showing weight loss upon decomposition of the sample above 600 °C. FE-SEM images

with (c) 18 500 x and (d) 100 000x magnification. (e) Observed (crosses), calculated (full line) and difference (bottom) Rietveld profiles for RbPb,Brs from
SXRD data at room temperature. The inset highlights the quality of the fit at high diffraction angles. (f) Rietveld plot from NPD data at 15 K.
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close to 1:1:3 for the Rb:Pb:I ratio. A typical EDX spectrum is
included in Fig. S2 in the ESI;f other SEM images are included
in Fig. S3 (ESIY).

The synchrotron pattern collected at room temperature
confirms the tetragonal symmetry in the I4/mcm space group
(#140). The Rb"™" and Pb*" ions are located in 4a (0,0,1/4) and 8#
(x,x + 0.5,0) Wyckoff sites; Brl1 and Br2, the two types of
bromine, are located at 4c (0,0,0) and at 16/ (x,),2) respectively.
The quality of the final refinement using this model is illu-
strated in Fig. le, and the main crystallographic results are
listed in Table 1. Two views of the crystal structure are shown in
Fig. 2a and b. The unit cell parameters refined at room
temperature, of a = 8.44479(4) A, ¢ = 14.59265(7) A, V =
1040.667(8) A, are comparable to those reported, a =
8.4455(1) A, ¢ = 14.5916(3) A, V = 1040.77 A*.*° The structure
consists of layers of [PbBrg] polyhedra sharing edges and
triangular faces, allowing for short Pb-Pb distances of
4.009(1) A at RT across these faces. The layers are connected
by Rb'" ions, in ten-fold coordination with eight shorter
(3.605(1) A) and two longer (3.648 A) Rb-Br bond lengths. In
fact, the [PbBrg] polyhedra are strongly distorted, as derived
from the stereochemical effect of the Pb>" lone electron pair.

The crystal structure in the 15-396 K interval was addition-
ally investigated from NPD data collected in the D20 diffract-
ometer (ILL). No structural changes were observed, other than
the expected thermal contraction of the unit-cell parameters
upon cooling down the sample (Fig. 2d-f). The volume has a
thermal expansion with temperature of 0.1198(12) A* K™, while
the a and ¢ unit cell parameters increase as 2.93(2) x 10" *AK ™"
and 6.85(8) x 10™* A K™%, respectively. The moderate absorp-
tion of neutrons by the heavy Rb and Pb atoms was suitable to
study the thermal variation of the displacement factors in all
the temperature range. The quality of the NPD Rietveld fit is
illustrated for the 15 K pattern, included in Fig. 1f.

An analysis of SXRD and NPD data (XRD-NPD) was useful to
obtain additional information about the electron lone pair of
Pb>" ions. This procedure uses the structural information
refined from NPD data to perform difference Fourier syntheses
using SXRD data, which contain information on the electron
density in the crystal, as was reported earlier.*' The results are
plotted in Fig. 2c, where the difference electron density is
shown as a yellow isosurface. This picture reveals a non-
negligible density up and down Pb>" ions along the c-axis. We
assume that the 6s” electrons are delocalized between both

Table 1 Crystallographic parameters for RbPb,Brs refined from SXRD
data at room temperature

Atom X y z Uiso Occ
Rb 4a  0.16783 (9) 0.66783(9) O 0.0290 (3) 1
Pb 8h 0 0 0.25 0.0333 (8) 1
Br1 4c 0 0 0 0.0261 (8) 1
Br2 16/ 0.6557 (1) 0.1557 (1) 0.1351 (1) 0.0301(4) 1

Rp: 7.66%; Ryp: 9.29%; Rexp: 5.76%; 12:2.72; Rpragg: 5.15%. System:
tetragonal, space group: I4/mcm, Z = 4. Unitcell parameters:
a = 8.44479(4) A, ¢ = 14.59265(7) A and V = 1040.67(1) A®.
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c-axis directions. This delocalized character of the Pb>" electron
lobes does not yield a net polarization, in agreement with the
centrosymmetric nature of the crystal structure.

Mean-square displacements

The mean-square displacements (MSDs) of the atomic species
in RbPb,Brs (Rb, Pb, Brl, and Br2) were derived as isotropic
displacement parameters (Ueq, units of A?) in the temperature
range from 15 up to 573 K. The temperature dependence of the
MSDs extracted from NPD (15-396 K) and SXRD (300-573 K)

can be modelled in the framework of the Debye model,**** i.e.
3T | T (™7 x Op
Ug = ds +—2 2 | L X g U0
1 S + kaGDZ HD,[O e’ — 1 X 4T

where, ds” concerns the intrinsic disorder, 0y, is the Debye
temperature, m the atom’s mass, kg the Boltzmann constant, %
the reduced Planck constant, and 7 the absolute temperature.
Rb showed an intrinsic disorder of ~3.5 x 10~ * A%, while such
parameters were slightly below zero (~10~* A?) for Pb, Br1, and
Br2. Therefore, ds” was fixed to zero for those elements. Fig. 3
depicts the temperature dependence of the MSDs for Rb, Pb,
Brl, and Br2 and their respective fittings using the Debye
model. From them, the Debye temperature values were derived,
as follows: Rb (113 K), Pb (84 K), Brl (141 K), and Br2 (129 K).
The Debye temperature can provide information on the
bonding stiffness by means of the harmonic one-particle
potential OPP model,****> in which the harmonic potential
depends on 03. Here, the force constant is evaluated by

_ I’}’ZkBZ 0]32

K 3n?

where, k is the force constant in units of eV A~2 The as-
obtained k values are the following: 0.65(5) eV A™> for Rb,
0.86(3) eV A2 for Pb, 0.93(8) eV A2 for Br1, and 0.79(3) eV A~>
for Br2. It means that the bonding nature of Rb-Br and Pb-Br
are similar, but the latter one is slightly more rigid than the
former one. It may indicate a tendency for a covalency in the
Pb-Br bond pair. Based on the low values of Debye tempera-
tures, typically below 150 K, RbPb,Brs; must have ultra-low
values of thermal conductivity below 1 W m ™" K.

Topological analysis of the main Bond Critical Points (BCPs)
of the theoretical model for RbPb,Brs; was performed in order
to evaluate the above experimental estimates. The BCP para-
meters are listed in Table 2.

According to the parameters in Table 2, all the bonds
present low values of p and positive values of V?p, which
indicate a preponderant ionic character. On the other hand,
the parameters between Rb-Br and Pb-Br bonds have some
crucial differences. The H parameter of BCPs attributed to Rb-
Br is positive, being negative for those attributed to the Pb-Br
bonds. In addition, the |V|/G ratio of Rb-Br is less than 1, while
in the Pb-Br BCPs it is greater than 1. These parameters of Pb—
Br BCPs indicate that such bonds fall into a transient class
showing a relevant covalent contribution.*® Therefore, the
theoretical data exhibited a good agreement with the results

This journal is © The Royal Society of Chemistry 2022
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(a) View of the layered crystal structure of RbPb,Brs. The layers are constituted by [PbBrg] polyhedra sharing edges and faces, with Rb atoms

between the layers (b) close up showing the connection between [PbBrg] polyhedra. There are short Pb—Pb distances across the triangular faces of the
polyhedra. (c) Two [PbBrg] coordination polyhedra connected by a common face; the Pb?* electron lone pair has been located from XRD-NPD data, as
shown by the yellow lobes of electron density. (d, e and f) are plots of the thermal evolution of the a, ¢ and V parameters, respectively.
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Fig. 3 Temperature dependence of Ueq (MSD) for Rb, Pb, and Brl, and
Br2 atoms. Open symbols represent the MSD values extracted from the
sequential Rietveld refinement (NPD), while filled ones were obtained from
SXRD. The lines denote the best fits to the experimental data using the
Debye model. Standard deviations are smaller than the size of the symbols.

This journal is © The Royal Society of Chemistry 2022

Table 2 Bond critical points (BCPs) parameters for the RbPb,Brs halide:
electron density (p), Laplacian of electron density (V2p), virial field density
(V), Lagrangian kinetic energy density (G), and total energy (H)

Distance p Vp G 14 H
Bond (A) (x107°%) (x107%) (x107°%) (x107%) (x107°) |V|/G
Rb-Br 3.68 6.20  2.22 4.36 -317 119 073
Pb-Br 2.94 36.0 7.28 21.3 —244 -311 1.14
Pb-Br 3.16 22.1 4.94 12.5 -12.7  —0.20 1.02
Pb-Br 3.32 18.1 3.75 9.49 -9.60 —0.10 1.01

obtained by Debye analysis, where the Rb-Br bond has a greater
ionic character than the Pb-Br bond.

The Laplacian of the electronic density isolines at the (100)
and (001) planes are depicted in Fig. 4. The bond Rb-Br along
the (100) plane with isolines close to Rb atoms are very isolated,
probably due to their predominant ionic character. The bond
Pb-Br presented along the (001) plane has a distance of 3.16 A.
It is interesting to highlight the difference of the isoline profiles
between Rb-Br and Pb-Br bonds. The isolines of Pb along the
(001) plane show a certain entanglement degree with the Br

J. Mater. Chem. C, 2022, 10, 6857-6865 | 6861
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(100) e

Fig. 4 (100) and (001) planes and their respective Laplacians of electronic
density (isolines) of the RbPb,Brs halide model.

isolines, which is due to the contribution of covalence of such
bonds. It is important to make it clear that the assignment of
covalence is a relative comparison with the Rb-Br bond, since
both bonds have an ionic character.

Thermoelectric properties

Fig. 5 shows the transport thermoelectric properties measured
near room temperature: resistivity (Fig. 5a), Seebeck coefficient
(Fig. 5b), and power factor (Fig. 5c). The resistivity is higher
than 10’ Q m at 310 K, a really high value that is quite far from
being competitive with other materials, such as some halide
perovskites.”” However, this value is close to the ~3.3 x 10° Q m
resistivity reported for undoped MAPDbBr; single crystals.”® The
resistivity also decreases with temperature, which is caused by the
activation of minority carriers. The activation energy for the carriers
in RbPb,Brs, calculated from the measured electrical conductivity, is
512 meV (Fig. S4, ESIt).

The Seebeck coefficient strongly varies with temperature,
adopting a negative value immediately above room temperature
(e.g. —13000 uv K~ ' at 440 K) and then changing its sign and
reaching § = 3,200 pvV K ' at 560 K, and then becoming negative
again at 620 K. The maximum positive value is about one order
of magnitude higher than the Seebeck coefficients reported for
other halide perovskites like CsSnBr; and hybrid perovskites
like MAPbBr;.*”*® Even these high Seebeck coefficient values
are not enough to achieve a great power factor ($%¢), which
remains low due to the high resistivity.

The thermal conductivity x (Fig. 6a) is, on the other hand,
lower than that reported for other halide and hybrid
perovskites,””*® and remains always below 0.26 W m™ ' K at
all the measured temperatures, from 300 K up to 573 K. Such a
value has intrinsic origin based on low Debye temperatures for
Rb, Pb, and Br. We can combine these values in a zT figure of
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Fig. 5 (a) Electrical resistivity, (b) Seebeck coefficient, and (c) power factor

of RbPb,Brs.

merit (Fig. 6b), defined as zT' = S’cT/x, that yields zT'=1 x 10" °
at 570 K, which is low compared with the state-of-the-art
thermoelectric materials, but is comparable to other reported
values for halide perovskites, like Bi-doped MAPbBr;, which
shows a zT of 1.8 x 10 ° at 293 K.*®

Optical gap by UV-Vis spectra and emission by
photoluminescence spectra

The absorption capacity of the RbPb,Brs powder was first
investigated by diffuse reflectance UV/Vis
Fig. 7a depicts the optical absorption coefficient related to
the Kubelka-Munk function [F(R) = (1 — R)?/2R, R being the
reflectance versus wavelength in eV]. The band gap has been
calculated by extrapolating the linear region to the abscissa.
The value obtained for RbPb,Brs (~3.36 eV) is typical for this
material, and close to those reported in the literature for a
single crystal material, of 3.42-3.47 €V." The band structure
and the density of states (DOS) of the RbPb,Brs halide were
evaluated from the theoretical model, as shown in Fig. S5a
(ESIt). The band structure (a) shows an indirect transition
N — T of 3.55 eV, a value close to the experimental band
gap. The state contributions in each band is displayed in
Fig. S5b (ESIt). The valence band is mainly constituted by the
density of states related to Br atoms as well as the conduction
band mainly by Pb states.

spectroscopy.

This journal is © The Royal Society of Chemistry 2022
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merit for the RbPb,Brs halide, with a guiding curve to show its tendency.

Afterwards, the emission spectrum was determined with 350 nm
(3.54 eV, slightly above the band gap) excitation wavelength, obtain-
ing maximum intensity at 600 nm (2.06 eV). The excitation spectrum
was then measured by setting the detection monochromator to
600 nm and tuning the excitation wavelength between 300 and
500 nm. The excitation spectrum (red curve in Fig. 7b) follows the
absorption determined by diffuse reflectance (Fig. 7a). The lack of
overlap between the excitation and emission spectra (black curve in
Fig. 7b), due to the considerable Stokes shift, prohibits self-
absorption and thus enables applications in photovoltaics and
biomedicine. A similar large Stokes shift was reported in RbSn,Brs.>

Conclusions

The RbPb,Br; halide has been successfully prepared as a well-
crystallized powder by mechano-chemical synthesis in an inert
atmosphere. The crystal structure evolution has been revisited
from high angular resolution SXRD and NPD data. The struc-
ture contains disported [PbBrg] polyhedra, where the lone
electron pair of Pb>* has been located using XRD and NPD
techniques revealing that the 6s> electrons are delocalized up
and down of Pb** ions along the c-axis. The evolution of the

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 (a) Kubelka—Munk (KM) transformed diffuse reflectance spectrum
of RbPb,Brs halide. (b) Photoluminescence by emission and excitation.

displacement factors has been analysed in the framework of the
Debye model, determining the Debye temperatures for the different
atoms, as well as the relative stiffness of the Rb-Br vs. Pb-Br pair
bonds, following the harmonic one-particle potential model. The
bonding natures of Rb-Br and Pb-Br bonds are similar, but the Pb-
Br bond is slightly more rigid than the former. It may indicate a
tendency for a greater covalence in the Pb-Br bond pair. The
thermoelectric properties are appealing, regarding a large Seebeck
coefficient and a low thermal conductivity, although the large
electrical resistivity leads to negligible figure of merit values. The
optical band gap of 3.36 eV of this ball-milled specimen is similar to
that reported for single crystal samples, being corroborated by
ab initio calculations (indirect transition of 3.55 eV). The lack of
overlap between the excitation and emission photoluminescence
spectra enables applications in photovoltaics and biomedicine.
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