
RSC
Mechanochemistry

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

/2
1/

20
26

 1
0:

36
:1

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Green-chemistry
aCenter for Natural and Human Sciences, Fe

09210-580, Brazil. E-mail: fabio.furlan@ufa
bInstituto de F́ısica, Universidad de Antioq

Colombia

† Electronic supplementary informa
https://doi.org/10.1039/d3mr00024a

Cite this: RSCMechanochem., 2024, 1,
69

Received 27th November 2023
Accepted 6th February 2024

DOI: 10.1039/d3mr00024a

rsc.li/RSCMechanochem

© 2024 The Author(s). Published by
synthesis and optical properties
of lead-free Cs2AgSbCl6 double perovskite by
a mechanochemical method†

Karla Kariny F. Barbosa, *a Deisy Aristizábal-Giraldo,b Jorge M. Osorio-Guillén, b

José Javier S. Acuñaa and Fabio F. Ferreira a

Cs2AgSbCl6 double perovskite (DP) has been synthesized through many solid-state and solution routes. Still,

using unsustainable solvents and complicated synthesis processes are unattractive for large-scale

manufacturing. The synthesis of Cs2AgSbCl6 using a green approach, mechanosynthesis, offers a sustainable

alternative to traditional methods, reducing the environmental impact of solvents and complex processes. X-

ray diffraction confirms its double perovskite cubic structure with the space group Fm�3m (225) and unit cell

parameter a = 10.674(2) Å. Diffuse reflectance measurements indicate a slightly smaller indirect band gap

(2.61 eV) than chemically synthesized perovskites. The compound demonstrates stability in air and under light.

The electronic structure and optical properties of the host material are calculated using quasi-particle theory

GW approximation and the Bethe–Salpeter equation (BSE), including the spin–orbit coupling (SOC); the latter

is responsible for the emergence of an intermediate conduction band. These findings suggest that double

halide perovskite semiconductors, exemplified by the Cs2AgSbCl6 DP, can be an eco-friendly alternative to

lead halide perovskite semiconductors.
Lead-based perovskites remain at the forefront of materials
used in cutting-edge devices like light-emitting diodes (LEDs),1,2

solar cells,3 lasers,2 and photodetectors4 due to their exceptional
efficiency.4–6 However, their commercial viability and wide-
spread adoption face a signicant challenge in the form of lead
toxicity. To address this concern, researchers have developed an
intriguing alternative: lead-free halide double perovskites,
characterized by the general chemical formula A2M0M00X6,
where A represents a monovalent metal cation (typically Cs+), M0

stands for a monovalent cation (such as Ag+ or Cu+), M00 repre-
sents a trivalent metal cation (e.g., Sb3+, In3+, and Bi3+), and X
denotes a halide anion (like Cl−, Br−, or I−).4 Lead-free halide
double perovskites present a diverse array of characteristics that
position them as strong contenders against lead-based perov-
skites, boasting attributes such as extended recombination
lifetimes at room temperature, enhanced resilience to heat and
moisture, and more sustainability.7,8

The rst Cs2AgSbCl6 (CASC) lead-free halide double perov-
skite was synthesized via a solution-state reaction aiming at
promising photovoltaic absorber applications with an optical
band gap of 2.6 eV.9 Aer that, colloidal Cs2AgInCl6 (CAIC) and
deral University of ABC, Santo André, SP,
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the Royal Society of Chemistry
Cs2AgSbCl6 nanocrystals were synthesized by injecting acyl
halides into a metal acetate solution under atmospheric
conditions and relatively mild temperatures. The Tauc analysis
of concentrated nanocrystal absorption spectra results in band
gaps with an indirect gap of 2.57 ± 0.05 eV for Cs2AgSbCl6 and
a direct gap of 3.57 ± 0.03 eV for CAIC;10 Zhou et al. reported
Cs2AgSbCl6 microcrystals synthesized by a hydrothermal
method in a stainless steel Parr autoclave, which showed
stability in air for several weeks.8 Nowadays, halide double
perovskites can be synthesized in various ways, such as
colloidal, mechanochemical, anti-solvent reprecipitation, hot
injection, and solvothermal methods.4 However, as far as we are
concerned, no green synthesis reports exist in the literature for
Cs2AgSbCl6 compounds. In this context, we adopted a mecha-
nochemical method to synthesize Cs2AgSbCl6 polycrystals as an
alternative synthesis route to evaluate the structural changes
promoted by milling times.

Mechanochemistry involves the initiation of chemical reac-
tions through the application ofmechanical energy, which can be
generated by various forces and operating modes, including
impact, compression, or shear.11 It has several advantages over
themost commonly used solution-based processes, such as lower
inherent toxicity, little or no solvent participation in the
synthesis, and secondary phase suppression.3,11,12 Further
advantages are the formation of high-purity phases with
outstanding stability in lead-based perovskites, rapidity,
simplicity, and reproducibility, coupled with signicant potential
RSC Mechanochem., 2024, 1, 69–77 | 69

http://crossmark.crossref.org/dialog/?doi=10.1039/d3mr00024a&domain=pdf&date_stamp=2024-03-09
http://orcid.org/0009-0004-0155-3974
http://orcid.org/0000-0002-7384-8999
http://orcid.org/0000-0003-1516-1221
https://doi.org/10.1039/d3mr00024a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3mr00024a
https://pubs.rsc.org/en/journals/journal/MR
https://pubs.rsc.org/en/journals/journal/MR?issueid=MR001001


RSC Mechanochemistry Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

/2
1/

20
26

 1
0:

36
:1

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
for expanding the method to design diverse structures.11,13

Mechanochemical synthesis (MCS) has proven effective in
producing a diverse range of quantum dots (QDs),14–16 encom-
passing all-inorganic and organohalide perovskites12,17,18 and
double perovskite (DP) congurations.3,19,20 MCS proved to be
a promising synthesis route for the production of halide double
perovskites such as Cs2AgBiBr6 (CABB); such powders were
successfully prepared by mechanochemical synthesis by Kubicki
et al. They synthesized a wide range of mixed-halide Cs2AgBiX6 (X
=Cl, Br, and I) double perovskites and employed solid-state 133Cs
MAS NMR to identify the miscibility limits of the different
halides.20 The work of Rodkey et al. demonstrated the estimated
mass fractions of different phases formed in each milling stage
until the formation of the pure Cs2AgBiBr6 phase (derived from
Rietveld renements using powder XRD data) and the band gap
evolution as a function of grinding time.3

The Cs2AgSbCl6 double perovskite has a face-centered cubic
structure (space group Fm�3m), with a unit cell parameter a =

10.6682(1) Å.9,21 It exhibits a semiconducting behavior with an
indirect band gap of 2.7 eV,21,22 which limits applications in
some photovoltaic and optoelectronic devices due to moderate
solar spectrum absorption.22,23

In this work, we demonstrate the synthesis of a lead-free
inorganic double perovskite phase based on Cs2AgSbCl6 by
mechanochemistry with different milling times. The structural
characteristics showed that the milling time plays a funda-
mental role in forming the monophasic polycrystalline
compound. We present a phase diagram formation derived
from Rietveld renements of powder XRD data. Also, we have
calculated the electronic structure and the optical properties of
Cs2AgSbCl6 using state-of-the-art quasi-particle methods such
as GW and BSE.

1 Methods
1.1 Materials

CsCl (Inlab Conança, 99.9%, 168.36 g mol−1), AgCl (Alfa Aesar,
99.5%, 143.32 g mol−1), SbCl3 (Alfa Aesar, 99%, 228.12 g mol−1),
and HCl (Synth 38 wt% in water) were purchased and used as
received without further purication.

1.2 Synthesis of Cs2AgSbCl6 polycrystals

The inorganic Cs2AgSbCl6 double perovskite powder was rst
synthesized by mechanochemical grinding (i.e., ball milling)
following previously reported methods for lead halide perov-
skites.11,20 The ball milling process used 1 mL HCl as solvent. CsCl,
AgCl, and SbCl3 were mixed in a 2 : 1 : 1 molar ratio. Ball milling
was carried out at 30 Hz for different times (2, 5, 10, 15, and 60
minutes) to produce Cs2AgSbCl6 (for more details see the ESI†).

1.3 Characterization

Room-T powder X-ray diffraction (PXRD) data were collected on
an STADI-P (STOE®, Darmstadt, Germany) diffractometer
operating in transmission mode to conrm the phase purity
and/or the mass fractions of the different phases formed at each
stage. We used monochromatic Cu Ka1 (l = 1.5406 Å) radiation
70 | RSC Mechanochem., 2024, 1, 69–77
selected using a curved Ge(111) monochromator, operating at
a tube voltage of 40 kV and a current of 40 mA. Data were
recorded with a Mythen 1K (Dectris®, Baden, Switzerland) from
10° to 90° (2q), in steps of 0.015°, and a counting time of 100 s at
each 1.05°. Data have been analyzed using the Rietveld
method24,25 implemented in the program TOPAS-Academic
v.7.26 Morphological studies and elemental analysis of mate-
rials were carried out by scanning electron microscopy (SEM)
(JEOL JSM-6010LA, Pleasanton, CA, USA). The average SEM
particle sizes were evaluated with ImageJ soware.27 Crystallo-
graphic and structural investigations of the perovskite samples
were also carried out using high-resolution transmission elec-
tron microscopy (HRTEM) (TEM-Thermo Fischer Talos F200X-
G2) operating at 200 kV accelerating voltage using a eld
emission gun (X-FEG). The HRTEM image and electron
diffraction patterns obtained from TEM analysis of the Cs2-
AgSbCl6 samples were indexed using Single Crystal Soware
(Java Electron Microscopy Soware). The optical diffuse reec-
tance spectra were recorded on a UV-Vis-NIR spectrophotometer
(Varian Cary 5000, Santa Clara, CA, USA) equipped with an
integrating sphere; BaSO4 was used as a reference standard.
1.4 Electronic structure and optical property computational
setup

Spin-polarized rst-principles density functional theory (DFT)
calculations, including the spin–orbit coupling (SOC), were
carried out using the Vienna Ab initio Simulation Package
(VASP).28,29 For the exchange-correlation energy functional, we
used the generalized gradient approximation (GGA) and its
PBEsol parametrization.30 The projector augmented wave31

atomic reference congurations to describe the valence elec-
trons were Cs: 5s25p66s1, Ag: 4d105s1, Sb: 5s25p3 and Cl: 3s23p5.
During all calculations, we maintained an energy cut-off of
340 eV and 324 conduction bands, and a stopping criterion of
10−8 eV for the electronic minimization loop. The Brillouin zone
(BZ) was sampled with a uniformly spaced 4 × 4 × 4 k-grid
centered at G and a Gaussian smearing of 0.01 eV.

To obtain the excited states, quasi-particle (QP) gap, and optical
properties, we have used many-body perturbation theory within
the G0W0 approximation32–34 and the Bethe–Salpeter equation
(BSE) within the Tamm–Dancoff approximation.35–37 To perform
the G0W0 calculations, we have kept the same input setup but with
different projector augmented wave atomic reference congura-
tions especially designed to produce accurate high-energy scat-
tering properties above the vacuum level, and nally the number of
frequency points used was 360. To record the absorption spectrum
(the imaginary part of the frequency-dependent dielectric function)
including the electron–hole (e–h) interaction (excitonic properties),
the BSE Hamiltonian was set with 12 valence and 12 conduction
bands, respectively.
2 Results

White to almost yellow-colored powders were obtained for
different milling times and then subjected to heat treatment at
100 °C for 12 h (see Fig. 1(a)).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Photographs and (b) the phase concentration for the Cs2-
AgSbCl6 double perovskite after varying ball-milling times, derived
from Rietveld refinements using XRPD data.

Fig. 2 PXRD patterns of the Cs2AgSbCl6 double perovskite poly-
crystals obtained with different milling times.
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The crystal structure evolution of the samples as a function
of the mixing time was studied by PXRD. The mass fractions of
the different phases by increasing milling times are shown in
Fig. 1(b), which were derived from Rietveld renements using
PXRD data, as illustrated in the ESI.†. It is possible to observe
that the binary precursors react very quickly in the rst few
minutes, and their phases are suppressed aer 10 minutes.
Aer 2 minutes of milling, we observed a white powder related
to the CsAgCl2 (ICSD 1509264) bimetallic halide phase.38

However, this phase is not observed with increasing milling
times, suggesting that the reaction occurs preferentially for
other phases. Below a milling time of 20 minutes, the samples
contain a mixture of a cubic AgCl-phase (ICSD 56538), the 2D-
Cs3Sb2Cl9 (ICSD 22075) perovskite, and the Cs2AgSbCl6 (ICSD
244674) double perovskite, a behavior similar to that reported
by Rodkey et al.,3 which suggests that CsCl and SbCl3 precursors
are the rst to be incorporated into the Cs2AgSbCl6 phase and
AgCl is the last one. Motivated by this observation, we propose
a possible mechanochemical reaction for milling times above
20 minutes.

CsCl + AgCl / CsAgCl2 (1)

3CsCl + 2SbCl3 / Cs3Sb2Cl9 (2)

Cs3Sb2Cl9 + CsAgCl2 + AgCl / 2Cs2AgSbCl6 (3)

As shown in the powder X-ray diffractograms (Fig. 2), as the
milling time increases, the AgCl (0.16 wt% aer 60 minutes of
milling) and the Cs3Sb2Cl9 concentrations decrease until the
primary phase is formed. It can be seen that the Cs2AgCl6 phase
is already formed in 2 minutes of milling, coexisting with other
phases (see Fig. 1(b)). The various chemical reactions described
© 2024 The Author(s). Published by the Royal Society of Chemistry
in eqn (1)–(3) promoted by the mechanical energy of the mixer
mill contribute signicantly to the formation of the Cs2AgSbCl6
pure phase.

Our exhaustive grinding tests revealed that AgCl was always
present in the nal compound in amounts as high as 6 wt%. We
then realized to add an HCl droplet (1 mL) close to 60 minutes of
grinding, i.e., 5 minutes before nishing the grinding process,
and we opened the microtube and pipetted 1 mL of HCl into the
mechanosynthesized powders, closed the microtube, and
continued grinding for another 5minutes. We used this solvent,
as it is widely used in hydrothermal synthesis, to obtain Cs2-
AgSbCl6. In the work of Zhou et al., the amount of solvent was
varied to evaluate the band gap of Cs2AgSbCl6. They found that
their samples had excellent stability, and the analysis of the X-
ray diffractograms from samples measured aer one month of
storage (in the ambient atmosphere) showed no evidence of the
material's decomposition, thus indicating stability.8

It is possible to observe different XRD patterns for samples
with the same stoichiometry (main phase) and under the same
experimental conditions: one with neat grinding and the other
with liquid-assisted grinding (LAG); see Fig. S6 and S8 (ESI).† In
Fig. S6,† one can observe the presence of the Cs2AgSbCl6, AgCl
and Cs3Sb2Cl9 phases. Before nishing the grinding process
(about 5 min before), 1 mL of HCl was added in an attempt to
suppress the AgCl phase, and the rest of the grinding was
completed. On the other hand, in Fig. S8,† aer adding the HCl
droplet, the 2D perovskite (Cs3Sb2Cl9) disappeared and the
amount of AgCl decreased. We believe that the addition of HCl,
by decreasing the AgCl amount, would interfere with the stoi-
chiometry of the main phase, by decreasing the Ag content and
also decreasing the Cl content of AgCl. However, additional
work has to be performed, using synchrotron high-resolution
powder X-ray diffraction, to obtain condent site occupancies
and isotropic displacement parameters. We have provided
magnied regions of the diffractograms obtained without
(Fig. S7) and with (Fig. S9) (ESI)† the addition of the HCl
droplet. One can notice that we can unequivocally identity the
presence of the Cs3Sb2Cl9 phase in regard to the main Cs2-
AgSbCl6 phase.
RSC Mechanochem., 2024, 1, 69–77 | 71
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Fig. 3 Room-T Rietveld plot of the powdered Cs2AgSbCl6 sample
obtained after 1 hour of milling. The observed (black line), calculated
(red line), and the difference (blue line) between the observed and
calculated patterns revealing good visual agreement. Themagenta and
gray vertical bars indicate the primary and the minor AgCl (0.16 wt%)
phase.

Table 1 Fractional atomic coordinates and isotropic displacement
parameters (Å2) of Cs2AgSbCl6

Atom Wyckoff site x y z Biso

Cs 8c 1/4 1/4 1/4 5.67
Ag 4b 1/2 1/2 1/2 4.56
Sb 4a 0 0 0 4.15
Cl 24e 0.247(5) 0 0 5.84

Fig. 5 SEM image of the Cs2SbAgCl6 polycrystalline material. The
scale bar at the lower right of the SEM image is between 5 mm on
a 3.700× magnification scale.
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Fig. 3 displays the room-temperature Rietveld plot for the
Cs2AgSbCl6 sample aer 1 hour of milling. We found that all
peaks of the pattern were successfully indexed to a cubic crystal
system with the space group Fm�3m (225); the unit cell parameter
a = 10.674(2) Å, gof = 1.98, Rwp = 7.47%, and RBragg = 2.91% are
in agreement with previous results.9,21

Fig. 4 shows the conventional unit cell of Cs2AgSbCl6 in the
space group Fm�3m; the fractional atomic coordinates are dis-
played in Table 1. Chlorine atoms (Cl) form a regular octahe-
dron occupying the Wyckoff sites 24e. The Cs2AgSbCl6 cubic
unit cell consists of a three-dimensional framework composed
of corner-sharing alternating [AgCl6] and [SbCl6] octahedra. The
Cs atoms are situated within the interstitial spaces created by
these octahedra, leading to a doubled cell structure reminiscent
of the elpasolite K2NaAlF6 arrangement.39 Silver (Ag) and
Fig. 4 Conventional unit cell of Cs2AgSbCl6 (space group Fm�3m)
showing the octahedra of the Sb (purple) and Ag (gray) sites; Cs (blue)
shows the pseudo-octahedron. The interatomic distances of each
Cs2AgSbCl6 element are extracted from Rietveld refinements.

72 | RSC Mechanochem., 2024, 1, 69–77
antimony (Sb) atoms occupy their unique Wyckoff sites (4b and
4a, respectively) as indicated in Table 1. The Ag and Sb atoms
are located in the center of the octahedron and are equidistant
from the 6 Cl atoms. The Ag–Cl and Sb–Cl interatomic distances
are ∼2.648(2) Å and ∼2.694(8) Å, respectively. The Cs atoms are
located in the cavities formed between the octahedra with Cs–Cl
interatomic distances of 3.774(1) Å.

No decomposition of the Cs2AgSbCl6 powder was identied;
aer 365 days, the same structure was observed (see Fig. S3†),
but the color changed from yellow to pale yellow.
2.1 SEM measurements

For polycrystalline Cs2SbAgCl6, the scanning electron micros-
copy (SEM) image (Fig. 5) reveals a heterogeneous morphology
of massive particles with clusters (5–10 mm) of fragments of
undened shapes. However, on a higher magnication image
(Fig. 5), it is possible to observe that each particle is, in fact,
Table 2 Energy dispersive scanning EDS for Cs2AgSbCl6

Atom Mass% mol%

Cl 29.11 58.86
Ag 15.83 10.52
Sb 18.57 10.94
Cs 36.49 19.68

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Low-magnification and SAED pattern (inset) and (b) high-
resolution transmission electron microscope images of a Cs2AgSbCl6
nanoparticle.

Table 3 The interplanar spacing between the families of planes

Spot d (Å) d* (1 Å−1) Families of planes

1 2.132(43) 0.4690 (242)
2 2.318(46) 0.4314 (402)
3 2.424(48) 0.4126 (240)
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formed by an agglomeration of much smaller grains of typically
0.5–1 mm. As illustrated in Fig. S10 (ESI),† the occurrence of
particles with diverse shapes and the formation of larger
aggregated clusters are frequent outcomes during the applica-
tion of this mechanosynthesis method. In MAP-EDS, it was
observed that the homogeneity in the powders suggests the
absence of secondary phases aer 60 minutes of grinding.

The elemental composition of the lm determined by EDS,
as shown in Table 2, was 19.68% Cs, 10.52% Ag, 10.94% Sb, and
61.8% Cl, the same as the expected composition of Cs2AgSbCl6
(20% Cs, 10% Ag, 10% Sb, and 60% Cl) within the EDS error.

2.2 HRTEM measurements

Fig. 6(a and b) show, respectively, low-magnication and high-
resolution TEM (HRTEM) images of spherical nanoparticles of
uniform size of the Cs2AgSbCl6 double perovskite.

The FFT reveals the in-plane hexagonal atomic arrangement
oriented along the 214 zone axis. The measured d spacings (see
Table 3) for (242), (240), and (402) planes were observed from
FFT presented as an inset in Fig. 6(b). The selected-area electron
diffraction (SAED) pattern obtained over a large area (in the
Fig. 6(a) inset) reveals the correspondence with the PXRD
patterns in Fig. 3, indicating structural stability aer treatment/
synthesis.

2.3 UV-vis measurement

Fig. 7(a) depicts the optical absorption coefficient for the Cs2-
AgSbCl6 powdered sample related to the Kubelka–Munk func-
tion (F(R) = a = (1 − R)2/2R; R is the reectance) versus energy
(eV).

The extrapolation of the linear region to the abscissa gives an
indirect band gap; see the magenta line in Fig. 7(b). The value
obtained for Cs2AgSbCl6 (∼2.61(3) eV) is in agreement with data
reported in the literature for its band gap at room
temperature8–10,21,40

2.4 Electronic structure and optical properties

Fig. 8(a and b) show the QP dispersion relation for Cs2AgSbCl6
with and without SOC, respectively. The valence band
maximum (VBM) and the conduction band minimum (CBM)
are localized at the X and L points of the rst-Brillouin zone
(FBZ), respectively. The indirect calculated QP gaps are 2.22 eV
and 2.26 eV with and without SOC, and the gaps at G are 4.59
and 4.23 eV. Furthermore, the calculated hole effective masses
are −0.198 and −0.647 along the X–G and X–M directions
without SOC, whereas they are −0.197 and −0.635, including
SOC. On the other hand, the electron effective masses without
SOC are 0.348 and 0.4 along the L–W and L–G directions,
respectively, and with SOC, the obtained values are 0.355 and
0.413. Thus, the curvature of the dispersion relation in the
neighborhood of the VBM and CBM is very similar with and
without SOC. However, the main difference in the topology of
the dispersion relation due to SOC is observed at the rst
bottom conduction bands (CBs), where the degeneracy is
entirely le in the whole FBZ, except at G, where it is partially
le. Furthermore, the SOC exposes an intermediate CB with
© 2024 The Author(s). Published by the Royal Society of Chemistry
a small width of 1.16 eV, then another two intermediate CBs
that are degenerated at G with a width of 1.4 eV and then at
higher energies are located the major contribution of the CBs.
The presence of these intermediate bands can enhance the
RSC Mechanochem., 2024, 1, 69–77 | 73
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Fig. 7 Optical Properties of Cs2AgSbCl6 polycrystals. (a) UV-vis
absorption spectra of Cs2AgSbCl6, with peaks centered at 376 and
275 nm and the (b) Tauc-plot for an indirect forbidden transition
(fuchsia line) with a linear fit in the region of 2.6–3 eV.

Fig. 8 Cs2AgSbCl6 QP dispersion relation (a) without and (b) including
SOC.

Fig. 9 Cs2AgSbCl6 total and projected DOS (a) without and (b)
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absorption of photons with lower energy by additional optical
transitions, the rst one from the valence band to the inter-
mediate CBs and a second transition from the intermediate CBs
to the main CBs, thus opening the prospect to improve thin-lm
solar cells efficiency exceeding the Shockley–Queisser limit.41

The total and partial density of states (DOS) with and without
SOC are shown in Fig. 9. The lower three valence bands (VBs)
located between −6.5 to −5.4 eV are built up by the hybridiza-
tion of Cl and Sb p-states with Ag d-states, and then the middle
VBs situated across −5.2 eV to −2.6 eV are formed by the
hybridization of Cl p and Ag d-states. The top three VBs placed
between −2.8 to 0 eV show different orbital contributions, with
the low band made up mainly of Ag d-states, and the two top
VBs are the result of the hybridization of Cl p, Ag d, and Sb s-
states. On the other hand, the bottom CBs are built up mainly
by Sb p-states, and the next two intermediate CBs are formed by
the hybridization of Sb p and Cl p-states with Ag s-states.
Finally, the higher CBs are made from Cs s and Cl p-states.
74 | RSC Mechanochem., 2024, 1, 69–77
Fig. 10 presents the imaginary part of the dielectric function
(32) calculated at the level of the independent-particle approxi-
mation (IPA) and including the electron–hole (e–h) interaction
(BSE). First, we discuss the obtained results without the SOC; it
is observed that the onset of the IPA spectrum starts around
3.4 eV and then there are four well-dened peaks around 3.87,
4.47, 4.59, and 5.02 eV; these peaks are attributed mainly to the
transition between Sb-p to Ag-d and Sb-p to Sb-states for the rst
two peaks, and Sb-p to Ag-d-states for the following two peaks.
The inclusion of the e–h interaction causes the redistribution of
the spectral weight and the oscillator strength. Now the onset
and the main peaks are considerably moved toward lower
energies (redshi), and the onset begins at 3.0 eV, and the rst
and second peaks are around 3.3 and 4.05 eV and show
a considerable increment in their oscillator strength. Second,
the calculated 32 by IPA and including SOC shows some
including SOC.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Cs2AgSbCl6 imaginary dielectric function calculated using the
independent-particle approximation G0W0 – IPA (red dashed line) and
BSE (blue line) (a) without and (b) including SOC.
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difference with the previous results; there is, in general,
a redshi of the whole spectrum, with the onset starting at
3.0 eV and showing four well-dened peaks located around 3.5,
4.21, 4.69 and 4.99 eV. Moreover, there are two prominent
shoulders around 3.8 and 3.9 eV caused by the splitting of the
intermediate bands. Finally, the calculated 32 using BSE and
SOC shows more remarkable features. A redshi of the spec-
trum and an appreciable redistribution of the spectral weight
are observed; the onset now starts around 2.6 eV, and the more
prominent peaks are placed around 3.05, 3.81, 4.18, and
4.32 eV, and most signicantly there is a continuous excitonic
feature at 2.7 eV due to the inclusion of the e–h interaction.
3 Discussion

This study introduces an innovative method for synthesizing
Cs2AgSbCl6 powders, emphasizing its advantages in sustain-
ability and scalability for industrial use. The new synthesis
technique surpasses traditional methods during extended
grinding periods exceeding 1 hour, resulting in Cs2AgSbCl6
powders that exhibit exceptional stability lasting at least 365
days.

The characterization of the powders reveals a non-uniform
distribution of particles with an average size of 10 mm, pre-
senting characteristic clusters associated with mechanosyn-
thesis. In order to check potential optoelectronic application,
we dispersed the powders and prepared a solution that was used
in the ancillary investigation using electron diffraction,
demonstrating the presence of particles as small as 5–15 nm,
exhibiting interplanar distances approaching 2.4 Å, which
© 2024 The Author(s). Published by the Royal Society of Chemistry
agrees with the (240) crystal plane as determined by powder X-
ray diffraction (PXRD).

To manufacture lms, we need to optimize the surface with
homogeneous particle sizes, and the solution demonstrated
that it is possible to separate the agglomerates while preserving
the structural properties.

Furthermore, the synthesized powders exhibit optical prop-
erties akin to those found in polycrystalline samples in the
literature, showcasing an indirect band gap of 2.8 eV (ref. 9 and
21) to 2.61(3) eV (this work). This remarkable consistency
highlights the potential of mechanosynthesis as a promising
avenue for producing perovskite halide powders with complex
stoichiometries, offering possibilities for their application in
advanced technologies such as thin-lm technology and other
cutting-edge applications.

Theoretical results agree with the existing literature,42 even
though a larger value of the indirect gap was reported using the
HSE06 hybrid functional,8,21 but none of them include explicitly
quasi-particle corrections to obtain the electronic dispersion
relation and the e–h interaction (excitonic effects) to calculate
the optical spectrum. Here, taking into account the SOC, it does
not affect signicantly the calculated band gaps; however, the
degeneracy of the intermediate CBs is le, and a full splitting of
those bands is observed. On the other hand, the inclusion of the
e–h interaction in the BSE Hamiltonian predicts that this effect
leads to the redistribution of the spectral weight and the oscil-
lator strength of 32, showing a redshi of the spectrum with the
onset of the absorption at 2.6 eV and a prominent continuous
excitonic feature at 2.7 eV. These calculated values from the
optical spectrum agrees exceptionally well with the value of the
band-gap obtained experimentally.

A solar photon of energy equal to 2.7 eV is absorbed by an
electron at the valence band (VB), which is promoted to the
conduction band (CB), creating an electron–hole pair. Higher
energy photons cause the VB/ CB transition as well; however,
the excess energy is given to the lattice in the form of heat when
the carriers migrate to lower energy states, causing phonon
emission. By the effect of the SOC, the degeneration of the CBM
is le and intermediate bands appear, allowing the e–h pair to
be generated by the simultaneous absorption of photons in the
two sub-band gap transitions.41

Since the static dielectric constant of Cs2AgSbCl6 is small,
the charge carrier recombination rate is high, thus affecting the
overall performance of Cs2AgSbCl6-based devices43 for potential
photovoltaic applications.
4 Conclusions

We have successfully synthesized Cs2AgSbCl6 via an efficient
mechanochemical route, making it highly appealing to indus-
trial applications. Cs2AgSbCl6 exhibits superior stability
compared to lead halide perovskites, with its structural and
optical properties aligning closely with documented literature
ndings. Finally, it is established that the correct theoretical
scheme to describe the optical properties of this material has to
take into account the SOC and the continuous excitonic effects
RSC Mechanochem., 2024, 1, 69–77 | 75
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due to the e–h interaction, where an excellent agreement
between the calculated and experimental gap is found.
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M. T. Fernández-D́ıaz, J. A. Souza, F. F. Ferreira,
C. Pecharromán and J. A. Alonso, Ind. Eng. Chem. Res.,
2021, 60, 18918–18928.

22 A. Karmakar, M. S. Dodd, S. Agnihotri, E. Ravera and
V. K. Michaelis, Chem. Mater., 2018, 30, 8280–8290.

23 Q. Liao, J. Chen, L. Zhou, T. Wei, L. Zhang, D. Chen,
F. Huang, Q. Pang and J. Z. Zhang, J. Phys. Chem. Lett.,
2020, 11, 8392–8398.

24 H. M. Rietveld, Acta Crystallogr., 1967, 22, 151–152.
25 H. M. Rietveld, J. Appl. Crystallogr., 1969, 2, 65–71.
26 A. Coelho, Coelho Soware, Brisbane, 2012.
27 C. A. Schneider, W. S. Rasband and K. W. Eliceiri, Nat.

Methods, 2012, 9, 671–675.
28 G. Kresse and D. Joubert, Phys. Rev. B: Condens. Matter Mater.

Phys., 1999, 59, 1758–1775.
29 D. Hobbs, G. Kresse and J. Hafner, Phys. Rev. B: Condens.

Matter Mater. Phys., 2000, 62, 11556–11570.
30 J. P. Perdew, A. Ruzsinszky, G. I. Csonka, O. A. Vydrov,

G. E. Scuseria, L. A. Constantin, X. Zhou and K. Burke,
Phys. Rev. Lett., 2008, 100, 136406.

31 P. E. Blöchl, Phys. Rev. B: Condens. Matter Mater. Phys., 1994,
50, 17953–17979.

32 M. S. Hybertsen and S. G. Louie, Phys. Rev. B: Condens. Matter
Mater. Phys., 1986, 34, 5390–5413.

33 L. Hedin, Phys. Rev., 1965, 139, A796–A823.
34 M. Shishkin, M. Marsman and G. Kresse, Phys. Rev. Lett.,

2007, 99, 246403.
35 M. Rohlng and S. G. Louie, Phys. Rev. Lett., 1998, 81, 2312–

2315.
36 S. Albrecht, L. Reining, R. Del Sole and G. Onida, Phys. Rev.

Lett., 1998, 80, 4510–4513.
37 T. Sander, E. Maggio and G. Kresse, Phys. Rev. B: Condens.

Matter Mater. Phys., 2015, 92, 045209.
38 Z. Zhang, R. Zhao, S. Teng, K. Huang, L. Zhang, D. Wang,

W. Yang, R. Xie and N. Pradhan, Small, 2020, 16, 2004272.
39 L. R. Moras, J. Inorg. Nucl. Chem., 1974, 36, 3876–3878.
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3mr00024a


Paper RSC Mechanochemistry

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

/2
1/

20
26

 1
0:

36
:1

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
40 T. T. Tran, J. R. Panella, J. R. Chamorro, J. R. Morey and
T. M. McQueen, Mater. Horiz., 2017, 4, 688–693.

41 A. Luque, A. Mart́ı and C. Stanley, Nat. Photonics, 2012, 6,
146–152.
© 2024 The Author(s). Published by the Royal Society of Chemistry
42 M. Babaei, V. Ahmadi and G. Darvish, J. Phys. Chem. Solids,
2022, 169, 110880.

43 X. Liu, B. Xie, C. Duan, Z. Wang, B. Fan, K. Zhang, B. Lin,
F. J. Colberts, W. Ma, R. A. Janssen, et al., J. Mater. Chem.
A, 2018, 6, 395–403.
RSC Mechanochem., 2024, 1, 69–77 | 77

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3mr00024a

	Green-chemistry synthesis and optical properties of lead-free Cs2AgSbCl6 double perovskite by a mechanochemical methodElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3mr00024a
	Green-chemistry synthesis and optical properties of lead-free Cs2AgSbCl6 double perovskite by a mechanochemical methodElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3mr00024a
	Green-chemistry synthesis and optical properties of lead-free Cs2AgSbCl6 double perovskite by a mechanochemical methodElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3mr00024a
	Green-chemistry synthesis and optical properties of lead-free Cs2AgSbCl6 double perovskite by a mechanochemical methodElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3mr00024a
	Green-chemistry synthesis and optical properties of lead-free Cs2AgSbCl6 double perovskite by a mechanochemical methodElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3mr00024a
	Green-chemistry synthesis and optical properties of lead-free Cs2AgSbCl6 double perovskite by a mechanochemical methodElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3mr00024a

	Green-chemistry synthesis and optical properties of lead-free Cs2AgSbCl6 double perovskite by a mechanochemical methodElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3mr00024a
	Green-chemistry synthesis and optical properties of lead-free Cs2AgSbCl6 double perovskite by a mechanochemical methodElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3mr00024a
	Green-chemistry synthesis and optical properties of lead-free Cs2AgSbCl6 double perovskite by a mechanochemical methodElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3mr00024a
	Green-chemistry synthesis and optical properties of lead-free Cs2AgSbCl6 double perovskite by a mechanochemical methodElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3mr00024a
	Green-chemistry synthesis and optical properties of lead-free Cs2AgSbCl6 double perovskite by a mechanochemical methodElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3mr00024a

	Green-chemistry synthesis and optical properties of lead-free Cs2AgSbCl6 double perovskite by a mechanochemical methodElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3mr00024a
	Green-chemistry synthesis and optical properties of lead-free Cs2AgSbCl6 double perovskite by a mechanochemical methodElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3mr00024a
	Green-chemistry synthesis and optical properties of lead-free Cs2AgSbCl6 double perovskite by a mechanochemical methodElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3mr00024a
	Green-chemistry synthesis and optical properties of lead-free Cs2AgSbCl6 double perovskite by a mechanochemical methodElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3mr00024a
	Green-chemistry synthesis and optical properties of lead-free Cs2AgSbCl6 double perovskite by a mechanochemical methodElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3mr00024a


