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ABSTRACT: Akin to the expansion in compositional diversity that halide
double perovskites provided to three-dimensional perovskites, layered
double perovskites could further expand the diversity of two-dimensional
(2D) perovskites, and therefore, they could also enhance the properties or
expand the possible applications of such materials. Despite the great
promise of halide 2D double perovskites, up to date, there are only four
confirmed members of this family of materials. Herein, we explore 90
hypothetical new members of this family of materials by a combined
theoretical, computational, and experimental method. The combination of
these tactics allowed us to predict several new materials, out of which we
experimentally synthesized and characterized five new layered double
perovskites, some of which show promising properties for their use in photovoltaics and optoelectronics. Further, our work
highlights the vast diversity of compositions and therefore of applications that double-layered perovskites have yet to offer.

Lead halide perovskites have emerged as promising
materials for optoelectronic applications.1,2 Perhaps most

prominently is their use in photovoltaic devices, which, in only
10 years, have reached power conversion efficiencies of up to
25.2%.3 Despite significant efforts in this area, perovskite solar
cells must overcome significant obstacles before their
commercial use. Most notably are their lack of stability against
light and moisture and the toxicity that these materials have
due to the presence of lead.4−9 Therefore, one of today’s
challenges is to find lead-free materials with similar properties,
reduced toxicity, and improved stability.10,11 Several different
approaches and materials classes have been used to try to find
lead-free alternatives to the three-dimensional (3D) APbX3

perovskites, yet only moderate success has been achieved.4−9

As single, “B-metal” perovskites yielded limited advances,4−9

double perovskites with the formula A2M
IMIIIX6 have garnered

the attention of the scientific community, providing new
possible metals and oxidation states and a very rich
compositional diversity that in turn have resulted in promising
new properties for their use in photovoltaic and optoelectronic
applications.10−26 Akin to what double perovskites have done
for 3D halide perovskites, layered double perovskites have the
potential to impact two-dimensional (2D) perovskites in a
similar way: expanding the possible chemical space and

possible properties of this already versatile family of
materials.27−31 Despite the great promise of this family of
materials, to date, there are only four experimentally confirmed
2D double perovskites; thus, there is a need for further
exploration of this family of perovskites.29−35

Recently, we have reported a new family of 2D halide double
perovskites with the general formula A4M

IIMIII
2X12, also known

as the <111>-double perovskites.29 Unlike, the traditional
double perovskites, this family of perovskites incorporates
divalent and trivalent metals in a two-dimensional (2D)
structure. Further, they have shown to be remarkably stable
toward humidity and light, to have appropriate band gaps for
use in photovoltaics, and the ability to modulate their optical
and magnetic properties.29,32,36 Apart from these properties,
there have been several computational efforts to predict other
members of the <111>-double perovskite family.37−40 Notably,
several of these predicted materials have been proposed as
absorbers for solar cells37 or as p-type transparent
conductors.38 Despite all this interesting, proven, or predicted
properties, to date, only two members of this family of

Received: September 30, 2019
Revised: December 10, 2019
Published: December 11, 2019

Article

pubs.acs.org/cmCite This: Chem. Mater. 2020, 32, 424−429

© 2019 American Chemical Society 424 DOI: 10.1021/acs.chemmater.9b04021
Chem. Mater. 2020, 32, 424−429

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 D

E
 C

H
IL

E
 o

n 
M

ay
 4

, 2
02

0 
at

 0
2:

22
:2

1 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

pubs.acs.org/cm
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemmater.9b04021
http://dx.doi.org/10.1021/acs.chemmater.9b04021


materials have been experimentally demonstrated:
Cs4CuSb2Cl12 and Cs4MnSb2Cl12. We, therefore, decided to
explore 90 hypothetical new members of this family of
materials by a combined theoretical, computational, and
experimental method. The combination of these method-
ologies allowed us to predict several new hypothetical
materials, out of which we were able to experimentally
synthesize and characterize five new materials, some of which
show promising properties for optoelectronic properties
(Figure 1).

■ RESULTS AND DISCUSSION
Ionic Packing: Extended Goldschmidt. For the first

part, we implemented Goldschmidt’s empirical criterion. While
this criterion was originally developed for AMX3 perovskites,
Xu et al. have recently extended this method for <111>-double
perovskites.38 Thus, it is possible to evaluate the viability of
new hypothetical <111>-oriented perovskite structures with
the form A4M

IIMIII
2X12 in terms of ionic packing by using

Goldschmidt’s effective tolerance factor (teff) combined with
the effective octahedral factor (μeff) according to eqs 1 and 2

t R R R R R( )/ 2 ( 2 )/3eff A X M M XII III= + { + + } (1)

R R R( 2 )/3eff M M XII IIIμ = + (2)

where RA, RM
II
, RM

III, and RX are the Shannon ionic radii. Thus,
according to this approach, for a <111>-double perovskite to
form, the effective tolerance factor requires to be between the
values of 0.81 < teff < 1.11 and the effective octahedral factor
must be between the values of 0.41 < μeff < 0.91. Figure 2
shows the plotted values for the tolerance against the
octahedral factor for perovskites with the formula
A4M

IIMIII
2X12 (A = Rb+ and Cs+; MII = Ti2+, V2+, Cr2+,

Mn2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+, and Cd2+; MIII = Sb3+ and
Bi3+; X− = Cl−, Br−, and I−). From these graphs, for the
antimony-based materials (Figure 2A,B), it can be observed
that most chlorides lie between the desired values, whereas
Cs4CdSb2Br12 is the only antimony−bromide material that
satisfies these criteria and no iodide-containing material fulfills
both parameters when MIII is antimony. This can be
rationalized when considering the longer metal−halide bond
distance that heavier halides have, which translate into the
need for bigger cations to stabilize a <111>-double perovskite
structure. On the other hand, for Bi3+ perovskites (Figure 2C),
all of the 30 combinations tested lie within the stable
perovskite zone. The latter can be attributed to the larger
Bi−X bonds but also raises the question of whether the
stability limits established for these perovskites should be re-
evaluated. The latter further heightens the need for more
experimentally confirmed members of this family of materials,
which could help to better predict possible members of this
family of materials.

Relative Thermodynamic Stability. Once we were able
to discriminate among the 90 possible materials using ionic
packing criteria, we then evaluated the stability of formation of
the 25 remaining chloride−antimony- and bismuth−chloride-
based candidates. For the time being and due to computational
restrictions, we limited our explorations to chloride-based
perovskites. Therefore, we calculated the formation energies of
the new possible perovskites and compared them with the
energies of all known binary and ternary possible decom-
position products (Figure 3). In all the cases where transition
metals are present, and in order to better predict formation
energies, we considered the magnetic configurations of such
materials (see the Supporting Information for details). The
only materials considered as diamagnetic compounds are Zn
and Cd perovskites. As additional validation, we included the
already synthesized copper and manganese perovskite
compounds. For all perovskites, the decomposition pathway
used were the binary compounds (Figure 3, green bars), the

Figure 1. Schematic approach for the discovery of new <111>-
oriented layered perovskites.

Figure 2. teff vs μeff of 90 A4M
IIMIII

2X12. The gray area indicates stable areas of the perovskite structures: (A) Cs4M
IISb2X12; (B) Rb4M

IISb2X12; (C)
Cs4M

IIBi2X12.
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double perovskite A3M
III
2X9 and a mixture of ternary and

binary compounds (Figure 3, yellow bars), and finally a ternary
perovskite phase and two binary compounds (Figure 3, blue
bars).
From these results, it first shall be noted that both

Cs4CuSb2Cl12 and Cs4MnSb2Cl12, which are the only two
experimentally confirmed members of this family of materials,
are calculated to be stable according to our approach, which is
the first validation that our approach is apt for predicting
stability of this family of materials. Second, our method
predicted that, out of the 28 candidates, 17 of these are not
thermodynamically favorable and only 9 are likely to form.
This gave a reasonable set of experimental targets, and more
precisely, we decided to experimentally attempt to synthesize
Cs4FeSb2Cl12, Cs4CrSb2Cl12, Rb4CrSb2Cl12, Rb4MnSb2Cl12,
Rb4CuSb2Cl12, Cs4CdSb2Cl12, Cs4MnBi2Cl12, Cs4FeBi2Cl12,
and Cs4CdBi2Cl12. Our results in the latter endeavor are
described in the following section. It is noteworthy that,
according to the band diagram of these nine new materials, all
of them except for Rb4CuSb2Cl12 are predicted to be wide-
band-gap semiconductors, with band gaps ranging from 2.7 to
3.6 eV (Figures S1 and S2 and Table S5). On the other hand,
Rb4CuSb2Cl12 is predicted to have a band gap of 1.7 eV and a
density of states reminiscent to that of Cs4CuSb2Cl12,

32 with a
bottom of the conduction band mostly composed of copper d
orbitals. Importantly, two of the predicted materials,
Cs4CdSb2Cl12 and Cs4CdBi2Cl12, were also predicted to be
stable, direct band gap semiconductors by Huang and co-
workers.38

Experimental Discovery of New <111>-Oriented
Layered Perovskites. The attempts to synthesize the
targeted compounds were done by either a solid-state reaction
or by precipitation in methanolic or acid solutions (see the
Material Synthesis section of the Supporting Information).
Ultimately, we were able to synthesize five new A4MB2Cl12
mater ia ls , namely , Cs4CdSb2Cl12 , Rb4MnSb2Cl12 ,
Rb4CuSb2Cl12, Cs4MnBi2Cl12, and Cs4CdBi2Cl12. On the
other hand, we were not able to synthesize chromium-
containing materials (Cs4CrSb2Cl12 and Rb4CrSb2Cl12) or
iron-containing materials (Cs4FeSb2Cl12 and Cs4FeBi2Cl12).
The lack of success synthesizing these materials could be
partially ascribed to the difficulty of maintaining such metals in
a 2+ oxidation state, big differences in solubilities, or
alternatively inadequate synthetic conditions.
Similar to the previously reported materials, the new copper-

containing perovskite (Rb4CuSb2Cl12) and the two manga-

nese-containing materials (Rb4MnSb2Cl12 and Cs4MnBi2Cl12)
are black (Cu) or pale pink crystalline solids (Mn),
respect ively . The cadmium-containing structures
(Cs4CdSb2Cl12 and Cs4CdBi2Cl12) are colorless microcrystal-
line solids. The structures of the Cs-containing materials
(Cs4CdSb2Cl12, Cs4MnBi2Cl12, and Cs4CdBi2Cl12) were
determined by powder X-ray diffraction (Tables S3−S5).
Importantly, all of the structures have the predicted <111>-
oriented layered perovskite structure (Figure 4) and share the

R3̅m space group. On the other hand, we were not able to
determine the structures of the Rb-containing materials
(Rb4MnSb2Cl12 and Rb4CuBi2Cl12) since they show to be
unstable toward X-ray radiation. Despite the latter, quick scans
allowed us to determine the unit cell and possible space groups
(see Table S6), both of which are consistent with the
formation of the desired double perovskites. As expected,
bigger elements (Cd and Bi) yield larger unit cells, and smaller
ones (Cu, Mn, and Sb) result in smaller unit cells (see Table
S3).
The cesium-containing perovskites, namely, Cs4CdSb2Cl12,

Cs4MnBi2Cl12, and Cs4CdBi2Cl12, have excellent stability
toward heat, with decomposition temperatures above 200 °C
and up to 350 °C, with no observable phase transitions from
−85 to 200 or 300 °C, respectively (Figures S5 and S6).
Further, they also tolerate humidity and light irradiation quite
well, and even after exposure to ambient conditions for up to 7

Figure 3. DFT-calculated relative energies of decomposition reactions for 28 A4M
IIMIII

2X12. In the case of M
II = Ti, V, Mn, Fe, Co, Ni, Cu, and Cd,

AMIIX3 was used as the ternary compound; otherwise, when MII = Cr and Zn, A2M
IIX4 was used as the ternary compound: (A) Cs4M

IISb2Cl12; (B)
Rb4M

IISb2Cl12; (C) Cs4M
IIBi2Cl12.

Figure 4. Structures of Rb4CuSb2Cl12, Rb4MnSb2Cl12, Cs4CdSb2Cl12,
Cs4MnBi2Cl12, and Cs4CdBi2Cl12 from left to right and top to bottom
respectively. Cl, Rb, and Cs atoms are depicted as green, brown, and
purple spheres, respectively; Sb, Cu, Mn, Bi, and Cd coordination
polyhedra are shown in gray, blue, pink, wine, and lavender,
respectively.
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months, we see no sign of decomposition (Figure S8).
Conversely, the Rb-containing materials, Rb4MnSb2Cl12 and
Rb4CuSb2Cl12, resulted in less stable solids, both toward heat
and humidity (Figures S7 and S9), presumably due to the
more hygroscopic and more volatile nature of rubidium salts.
In terms of optical properties, all but Rb4CuSb2Cl12 present

absorption characteristics of a wide-band-gap semiconductor,
with band gaps close to 3.0 eV (Figure 5 and Table S7). On
the other hand, Rb4CuSb2Cl12 is a black solid microcrystalline
solid with a much smaller direct band gap of about 0.9 eV.
Such a small band gap is on a par with the previously reported
Cs4CuSb2Cl12, which has a band gap of 1.0 eV29 and is
consistent with previous calculations38 that suggest that the A
cation does not play a significant role near the band edges of
these materials. While the previous literature would suggest
that most, if not all, of these materials have direct band gaps,
further studies are needed in order to unequivocally determine
the nature of the band gap: direct or indirect.
Finally, we studied the steady-state photoluminescence (PL)

of the newly discovered materials (Figure 5). All of the
materials, except for Rb4CuSb2Cl12, exhibited relative broad PL
emissions; particularly, Cs4CdSb2Cl12 exhibited a very broad
PL signal that spans all the visible spectra with a full width at

half-maximum (FWHM) of 220 nm. Due to the broadness of
its emission, Cs4CdSb2Cl12 can be classified as a white-light
emitter with CIE coordinates that are typically considered
“warm” white light (Figure 5F). The broad PL signals could be
attributed to the presence of self-trapped excitons (STEs),
similar to what has been recently observed in several metal−
halides.41−49

Given the observed PL and 2D nature of these materials,
they are promising candidates for optoelectronic applications.
Other interesting possibility is to test some of these materials
as conducting transparent materials. In fact, Huang and co-
workers predicted Cs4CdSb2Cl12 and related materials to have
excellent properties for their use as p-type transparent
conductors.38

■ CONCLUSIONS

Despite their promising properties, before this work, the
layered double perovskite family consisted of only four
confirmed members. Herein, using a mixed computational
and experimental approach, we have predicted and corrobo-
rated five new double <111>-oriented layered perovskites,
some of which show promising properties for optoelectronic
applications. Perhaps more importantly, we have shown how

Figure 5. Absorption, photoluminescence, and excitation spectra of (A) Cs4CdSb2Cl12, (B) Cs4MnBi2Cl12, (C) Cs4CdBi2Cl12, and (D)
Rb4MnBi2Cl12. (E) Absorbance spectrum of Cs4CdSb2Cl12. Panel (F) shows the chromaticity diagram of Cs4CdSb2Cl12, Cs4MnBi2Cl12,
Cs4CdBi2Cl12, and Rb4MnBi2Cl12.
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this family of double layered perovskites has an enormous
chemical versatility, which should in turn result in tremendous
potential for the discovery of new lead-free materials for
photovoltaic and optoelectronic applications. Here, in
particular, we have shown that it is possible to replace the A,
MII, and MIII sites out of the canonical formula A4M

IIMIII
2X12.

Further studies to explore the properties and possible
applications of these materials, as well as to extend the
possible metals and halides capable of forming these kinds of
materials, are underway in our laboratories.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04021.

Complete experimental and computational details,
Figures S1−S11 and Tables S1−S10 (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: diego.solis@unam.mx.
ORCID
Diego Solis-Ibarra: 0000-0002-2486-0967
Author Contributions
⊥B.V. and R.T.-C. contributed equally.
Funding
We acknowledge the financial support from PAPIIT IA202418
and CONACYT’s CB-A1-S-8729. E.M.-P. acknowledges
support by CONICYT/FONDECYT Regular Grant
1171807. Powered@NLHPC: This research was partially
supported by the supercomputing infrastructure of the
NLHPC (ECM-02).
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We acknowledge the financial support from PAPIIT IA202418
and CONACYT’s CB-A1-S-8729. E.M.-P. acknowledges
support by CONICYT/FONDECYT Regular Grant
1171807. Powered@NLHPC: This research was partially
supported by the supercomputing infrastructure of the
NLHPC (ECM-02). We also thank Adriana Tejeda, Carlos
Ramos, Eriseth Morales, Alberto Loṕez, Alejandro Pompa,
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