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Low-Dimensional Non-Toxic A3Bi2X9 Compounds Synthesized by a 
Dry Mechanochemical Route with Tunable Visible 
Photoluminescence at Room Temperature 
Yousra El Ajjouri, a Vladimir S. Chirvony, a,b Natalia Vassilyeva,a Michele Sessolo, a Francisco 
Palazon,*a and Henk J. Bolink a  

We have synthesized fifteen inorganic and hybrid organic-inorganic 
non-toxic A3Bi2X9 compounds (A = K+, Rb+, Cs+, CH3NH3+ and 
HC(NH2)2+; X = I-, Br-, Cl-) through dry mechanochemistry. We 
demonstrate that this synthetic method is very well suited to 
prepare compounds from poorly soluble precursors, allowing thus 
the preparation of so far unreported compounds. X-ray diffraction 
analysis demonstrates the high crystallinity of the so-formed 
ternary bismuth halides. Furthermore, we show that, through 
substitution of A-cation and X-anion, the bandgap of these 
compounds can be tuned to absorb throughout the whole visible 
spectrum. As-prepared powders of Cs3Bi2Br9 and Cs3Bi2I9 without 
any passivating agents show room-temperature 
photoluminescence covering the visible spectrum from 450 nm to 
800 nm, making them especially promising for white-light emission. 

Over the past decade, lead-halide perovskites (LHPs) have been 
intensively investigated due to their excellent optoelectronic 
properties. These are the result, among other reasons, from the 
intrinsic point defect tolerance of LHPs, which has been suggested to 
be crucial in achieving long charge carrier diffusion lengths, enabling  
high efficiencies in perovskite devices.1 However, the future 
commercialization of state-of-the-art perovskite optoelectronic 
devices is hampered by the use of toxic lead and the unclear 
environmental stability of LHPs. Therefore, lead-free perovskite 
alternatives are being sought. The defect-tolerant character of LHPs 
has been linked to the presence of the ns2 electron lone pair in Pb2+, 
a characteristic that is shared with Bi3+ which has a 6s2 electron 
configuration.2–7 Hence, Bi(III)-halide compounds are envisioned as 
interesting alternatives, with potentially the same defect tolerance 
as LHPs. Moreover, bismuth is a very abundant element, as well as 
non-toxic and stable in ambient conditions.3 The replacement of Pb2+ 
with Bi3+ affects the stoichiometry of the ternary metal halides. The 
general formula for LHPs can be written as APbX3 where A is a 
monovalent cation and X a monovalent halide anion. The bismuth-

counterparts, however, have a “3-2-9” stoichiometry corresponding 
to the general formula A3Bi2X9. This is sometimes seen as a “defect” 

or “vacancy-ordered” perovskite. As explained by McCall et al. 
“defect perovskites are derivative structures that possess the same 
corner-sharing MX6 octahedra as the AMX3 aristotype but form 
different structures due to cation deficiencies in order to satisfy 
charge balance restrictions … trivalent cations form A3M2□X9 
structures [□ represents a vacancy] with 2/3 occupancy of the M sites 
of the A3M3X9 perovskite formula.”8 In the case of A3Bi2X9 
compounds, different crystal structures are obtained by varying the 
chemical composition. As an example, while Cs3Bi2I9 crystallizes in a 
zero-dimensional structure with fully decoupled dimers of BiI6 
octahedra, Rb3Bi2I9 crystallizes in a 2D structure with layers of corner-
sharing BiI6 octahedra (see Scheme 1).9 This reduced dimensionality 
is the reason why these compounds are also referred to as low-
dimensional perovskites, although the term perovskite is 
questionable here. 
One of the main bottlenecks in developing bismuth-halide-based 
compounds resides in the poor solubility of bismuth salts in common 
solvents.10,11 In this study, fifteen different A3Bi2X9 compounds (A = 
K+, Rb+, Cs+, CH3NH3+ –MA–, and HC(NH2)2+ –FA– ; X = I-, Br-, Cl-) were 
synthesized by a dry mechanochemical approach via ball-milling of 
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Scheme 1. Cs3Bi2I9 (left) and Rb3Bi2I9 (right) crystal structures, viewed from the a-axis. 
Cs3Bi2I9 presents a zero-dimensional structure with dimers of BiI6 octahedra (pink) fully 
decoupled while Rb3Bi2I9 presents a 2D structure with layers of corner-sharing BiI6 

octahedra. Green and red balls represent Cs+ and Rb+ cations.
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stoichiometric precursors. This technique allows the formation of 
multinary metal halide compounds in a simple and time-efficient 
manner.12–15 To the best of our knowledge, there is only one previous 
report on dry mechanochemical synthesis of ternary bismuth-iodide 
compounds.16 We are unaware of reports about the synthesis of 
several of the chloride and bromide analogues such as FA3Bi2Br9, 
FA3Bi2Cl9 or Rb3Bi2Cl9. Hereby, we investigate the structural and 
optical characteristics of the fifteen compounds described above. X-
ray diffraction (XRD) analyses show the excellent crystal quality of 

mechanochemically-synthesized powders. These have a tunable 
bandgap from the near-UV to the red part of the visible spectrum as 
shown by optical absorption. Furthermore, bulk Cs3Bi2I9 and 
Cs3Bi2Br9 show a broad visible photoluminescence at room 
temperature, even without the addition of passivating agents. This 
paves the way to the use of these materials for lighting applications. 
Powders obtained by ball-milling stoichiometric amounts of 
inorganic AX and BiX3 were analyzed by XRD (see Figure 1). 

 

 
Figure 1. XRD characterization of mechanochemically-synthesized inorganic A3Bi2X9 (A = K, Rb, Cs; X = I, Br, Cl; black lines) and reference bulk patterns when available from the 
Inorganic Crystal Structure Database (ICSD; color columns). A broad feature around 2Θ = 26° is sometimes visible, due to the parasitic diffraction of the underlying adhesive tape 
used to fix the powder samples on the holder (see Figure S1).  

In the five cases (Cs3Bi2I9, Cs3Bi2Br9, Cs3Bi2Cl9, Rb3Bi2I9, and Rb3Bi2Br9) 
where we could compare the diffractograms with bulk reference 
patterns published in the International Crystal Structure Database 
(ICSD), excellent matches are obtained. This points towards the high 
phase-purity obtained with this simple and dry method. No 
published reference pattern was found for Rb3Bi2Cl9. However, when 
compared to Rb3Bi2I9 and Rb3Bi2Br9, a clear gradual shift towards 
higher angles (smaller interatomic distances) is visible when the 
halide ionic radius is reduced from I- to Cl-. This suggests a shrinkage 
of the unit cell. In order to assess this more accurately, whole-pattern 
Le Bail fits were conducted on all three Rb3Bi2X9 compounds (see 
Figure S2). The refined cell parameters and unit cell volume are 
summarized in Table 1. This is strong evidence for the formation of 

Rb3Bi2Cl9, which to the best of our knowledge has not been 
experimentally synthesized before. The potassium-based series are 
more difficult to analyze as no reference patterns could be found for 
any K3Bi2X9 compound. Nonetheless, when comparing the 
diffractograms after ball-milling with the reference patterns of the 
precursors (see Figure S3) it is clear that these have reacted to form 
a new phase, which it seems reasonable to attribute to K3Bi2X9. This 
hypothesis is further supported by the optical absorption spectra 
(see Figure 3).  
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Table 1. Refined cell parameters for Rb3Bi2X9 compounds. 

 Reference This work 

Rb3Bi2I9 

(P 1 c 1) 

 

a = 14.690 Å 

b = 8.195 Å 

c = 25.645 Å 

V = 2516.82 Å3 

a = 14.6874(8) Å 

b = 8.1982(6) Å 

c = 25.646(1) Å 

V = 2517.5(3) Å3 

Rb3Bi2Br9 

(P 1 21/a 1) 

a = 13.5601(1) Å 

b = 7.9124(5) Å 

c = 19.3510(8) Å 

V = 2076.13 Å3 

a = 13.570(1) Å 

b = 7.913(5) Å 

c = 19.351(1) Å 

V = 2077.8(3) Å3 

Rb3Bi2Cl9 

(P 1 21/a 1) 
- 

a = 13.3655(9) Å 

b = 7.9654(8) Å 

c = 15.423(1) Å 

V = 1641.8(2) Å3 

 

Hybrid compounds with organic MA+ and FA+ cations were also 
formed by dry ball milling of inorganic BiX3 salts and organic AX (A = 
MA or FA). Again, when comparing X-ray diffractograms of the 
resulting MA-powders with reference bulk patterns from ICSD (see 
Figure 2) we observe a very good match, highlighting the high phase 
purity of the mechanochemically synthesized hybrid MA3Bi2X9 
compounds. To the best of our knowledge, only scarce reports on 
FA3Bi2I9 exist,10,17 while we were unable to find any reports on 
FA3Bi2Br9 or FA3Bi2Cl9. For the complete halide series, the 
diffractograms of the compounds obtained with FA closely match 
those of the corresponding MA analogues with a slight shift to lower 
angles, due to the higher ionic radius of FA compared to MA.. Whole-
pattern fits were conducted for all six hybrid compounds (see Figures 
S4-S6). Refined cell parameters confirm the cell expansion upon 
increase of the organic cation from MA to FA (see Table 2). Hence, 
again, we deduce the formation of highly phase-pure materials for all 
FA3Bi2X9 compounds. 

Table 2. Refined cell parameters for hybrid organic-inorganic compounds. 

 Reference This work 

MA3Bi2I9 

(C 1 2/c 1) 

a = 8.4952(6) Å 

b = 14.7126(10) Å 

c = 21.6855(14) Å 

V =  2710.39 Å3 

a = 8.5340(5) Å 

b = 14.654(1) Å 

c = 21.653(1) Å 

V = 2707.9(3)  Å3 

FA3Bi2I9 

(C 1 2/c 1) 
- 

a = 8.8389(8) Å 

b = 14.909(2) Å 

c = 21.851(3) Å 

V = 2879.5(6) Å3 

MA3Bi2Br9 

(P -3 m 1) 

 

a = 8.188(2) Å 

b = 8.188(2) Å 

c = 9.927(3) Å 

V = 576.374 Å3 

a = 8.2086(2) Å 

b = 8.2086(2) Å 

c = 10.025(1) Å 

V = 585.03(6) Å3 

FA3Bi2Br9 

(P -3 m 1) 

 

- 

a = 8.4071(8) Å 

b = 8.4071(8) Å 

c = 10.183(2) Å 

V = 623.3(1) Å3 

MA3Bi2Cl9 

(P m c n) 

a = 7.713(8) Å 

b = 13.26(2) Å 

a = 7.7109(3) Å 

b = 13.2628(6) Å 

 c = 20.43(3) Å 

V =  2089.47 Å3 

c = 20.4313(6) Å 

V = 2089.5(1) Å3 

FA3Bi2Cl9 

(P m c n) 

 

- 

a = 8.045(1) Å 

b = 13.387(2)  Å 

c = 21.062(3) Å 

V = 2268.3(6) Å3 

 

 

 

Figure 2. XRD characterization of mechanochemically-synthesized hybrid A3Bi2X9 (A = 
MA, FA; X = I, Br, Cl; black lines) and reference bulk patterns from the Inorganic Crystal 
Structure Database (ICSD) for A = MA (color columns). A more detailed comparison on 
diffractograms of same halide composition but different A-cation is presented in Figures 
S4-S6. A broad feature around 2Θ = 26° is sometimes visible, due to the parasitic 
diffraction of the underlying adhesive tape used to fix the powder samples on the holder 
(see Figure S1).  

 

The optical properties of the different inorganic and hybrid 
compounds (see Figure 3) were analyzed by sandwiching the thin 
powders in between two quartz plates. The optical bandgaps of all 
materials, as derived from their absorption onsets (see Figure 3) span 
from the near-UV (3.3 eV/380 nm for K3Bi2Cl9) to the red part of the 
visible spectrum (1.9 eV/650 nm for Cs3Bi2I9). Similar to what is 
observed in lead halide perovskites also for these “3-2-9” bismuth 
compounds the bandgap is strongly dependent on the X anion, with 
the smaller anion (Cl-) giving the larger bandgaps and viceversa.18 To 
a lesser extent, the same trend is visible with varying the ionic radius 
of the A-cation with X = Cl- and X = Br-. Indeed, for these halides we 
observe that the bandgap is systematically wider for A = K+, followed 
by A = Rb+ followed by the other cations. This trend, however, does 
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not seem to apply for X = I-. While the difference between the 
bandgaps of the iodide compounds is smaller (about 0.1 eV from 610 
nm to 650 nm) as compared to the chloride series (about 0.3 eV 
difference corresponding to absorption onsets of 380 nm to 420 nm), 
it must be noted that, as opposed to 3D halide perovskites, these 
low-dimensional A3Bi2X9 compounds crystallize in very different 
structures depending on their composition, as explained in the 
introduction (see Scheme 1). Hence, it is not surprising that the 
variations of optical properties with composition do not follow a 
homogenous trend for all cases. Moreover, we note the presence of 
a secondary absorption peak blue-shifted by ca. 50 nm in almost all 
compounds. Though the origin of this feature is unclear, it is 
consistent with previous reports on the same and related 
materials.16,19 Despite the not yet encouraging results in 
photovoltaics,3,20–22 these materials are promising candidate in 
electroluminescence applications.8,23–28 A few recent reports have 
demonstrated high photoluminescence (PL) quantum yields from 
ligand-passivated colloidal nanoparticles of Cs3Bi2Br9, MA3Bi2Br9, and 
MA3Bi2Cl9 in solution.23,27–30 Others in contrast have not detected 
visible PL in similar colloidal quantum dots,17 or achieved 
photoluminescence quantum yields lower than 1%.31 Here, we show 
that mechanochemically-synthesized dry powders of Cs3Bi2Br9 and 
Cs3Bi2I9 show clearly visible PL at room temperature (see Figure 3). 
This photoluminescence is slightly Stokes-shifted from the 
absorption edge, with maximums at 478 nm and 657 nm respectively 
for X = Br- and X = I-. In both cases the PL spectrum is broad and 
asymmetric, consistent with previous reports.23,27,28,31 As a result, the 
visible spectrum is almost fully-covered from 450 nm to 800 nm with 
these two compounds, which is of interest for the generation of 
white light. In order to demonstrate this, as a proof of concept, we 
fabricated a pellet by pressing a finely ground mixture of both 
powders with transparent PMMA beads. The corresponding PL 
spectrum (Figure S7) presents a broad emission with CIE coordinates 
(0.42; 0.45) corresponding to a warm white light with correlated 
color temperature of 3615 K. 

 

Figure 3. Normalized absorbance spectra of all A3Bi2X9 compounds (solid lines) and 
photoluminescence spectra of Cs3Bi2Br9 and Cs3Bi2I9 (dashed lines with filled area under 
curve). 

 

Conclusions 
In summary we have successfully synthesized fifteen different non-
toxic bismuth halide ternary compounds by dry ball-milling of 
stoichiometric precursors. Structural characterization by X-ray 
diffraction revealed the excellent quality of the thus-formed 
materials, without noticeable unreacted precursors or byproducts. 
These materials have useful bandgaps for lighting applications as 
they cover most of the visible spectrum. Moreover, bulk dry Cs3Bi2Br9 
and Cs3Bi2I9 exhibit photoluminescence at room temperature even 
without passivating agents. This holds promise to obtain high 
photoluminescence efficiency when passivating agents are added 
and paves the way to the widespread use of these non-toxic 
perovskite-related materials for lighting applications. 
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