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(A) Experimental section
(1) Chemicals

For the synthesis of various gold-based bromide perovskites, the following chemicals were
used as received without any further purification: Cesium chloride (CsCl, Sigma-Aldrich,
99.9%), gold chloride (AuCls, Sigma-Aldrich, 99.9%), hydrobromic acid (HBr, 48% solution),

and de-ionized (DI) water.
(2) Synthesis Procedure

CsAuCly (x = 0 pl of HBr): For the preparation of CsAuCly, first the individual solution of
stoichiometric CsCIl and AuCl; are made in DI water and are kept at low temperatures (~5-
10°C). After mixing for half an hour, the CsCl aq. solution is poured into the solution of AuCl;

solution immediately, resulting in a yellow precipitate.

CsAuCly with x =25, 50, 75, 100, 200, 300 and 500 pl of HBr: To the diluted solution of this
yellow precipitate, HBr in the amount of 25, 50, 75, 100, 200, 300 and 500 ul are added. The
final mixture is kept on stirring for half an hour. The resultant precipitate is then separated out
from the supernatant using centrifugation (8000 rpm for 10 mins) and is washed with cold DI
water. The process is repeated twice, and the precipitate is then dried in a desiccator for several

days.

(B) Computational Details:

To perform the Density Functional Theory (DFT)! based ab-initio calculations, Vienna Ab
initio Simulation Package (VASP)** was used with plane-wave basis set and Projector

Augmented Wave (PAW)’ pseudopotentials with PBE exchange-correlation functional.® A
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plane wave energy cut-off value of 500 eV was used. The tetrahedron method with Blochl
corrections’ was used for better accuracy in the electronic structure properties. The conjugate
gradient algorithm was used to optimize the cell volume, shape, and atomic positions for all
the structures with a force convergence tolerance of 0.01 eV/A on each atom. A tolerance of
10 eV was used for the convergence of self-consistent-field (scf) calculations. The Brillouin
zone sampling was done using automated I" (gamma) centred K point mesh. A fully converged
K-point mesh of 20x20%20 for cubic phase, 14x14x10 for monoclinic phase and 18x18%12 for

tetragonal phase was used for the scf calculations.
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Figure S1: XRD data of CsAuCl; compounds with x = 0, 75, 200 and 500 pl HBr matches
with the JCPDS data of (a) monoclinic CsAuCl, (black), (b) monoclinic CsAuBr,; (pink;
JCPDS card no: 023-0155), (c) cubic CsAuBrj; (violet; materials project ID: mp-1112987) and
(d) tetragonal Cs,Au,Brg (green; JCPDS card no: 023-0887), respectively.
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Figure S2: XRD profiles for (a) CsAuBr, and (b) CsAuBrj; after heating the samples to 220 °C
and then cooling them down to RT to test the reversibility of the phases. Stability test for
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Cs,Au,Brg under temperatures ranging from RT to 300 °C. Side phases corresponding to the
plane (110) and (200) of CsBr (JCPDS No.: 004-0609) and (111) and (200) of Au (JCPDS No.:
004-0784) arise for temperatures above 240 °C. This degradation is mainly due to the
decomposition of gold bromide to metallic gold at temperatures above 250 °C.

The crystal structure of CsAuBr, has isolated Cs™ cations lying in between the layers of
square planar [AuBr4]  anions (Figure S7(a)). This isolation of Cs* cations over [AuBry]" sites
can be attributed to the rod-like morphology obtained for CsAuBr, as studied using Scanning
Electron Microscopy (SEM).® The CsAuBry rods have a length of tens of micrometres and a
diameter of the order of a few micrometres. For CsAuX, rods, the average crystallize size is

calculated using Scherrer’s formula given as:

_ ka
b= /,B’Dcose

where D is the crystallite size, k is the shape factor (typically 0.94), 4 is the wavelength of the

X-ray used (1.5406 A), Bp is broadening of the peak at half-maximal intensity (in radians) and
6 is half of the diffraction angle. The average crystallite size decreases from 154.1 nm for
CsAuBr4 to 116.9 nm for Cs,Au,Brg as calculated using Scherrer’s formula. Figure S3 shows
the evolution of the morphology of CsAuBr, (Figure S3(a)-(c)) and CsAuBr; (Figure S3(d)-
(f)) during external heat treatment. SEM images show the morphology of CsAuBr; changes
from star-like to cube-shaped Cs,Au,Brg perovskite during the heat treatment. Figure 2 in the
main manuscript corresponds to the SEM of 3 different samples prepared via wet chemical
approach using the same set of precursors vis., CsCl and AuCl; in DI water which are then
treated with different amounts of HBr to achieve the different phases. SEM images of CsAuBr4
and CsAuBr; prepared using chemical method shows the rod-like and star-like (truncated-
cube) morphology, respectively. However, when the amount of the HBr is increased in the
solution, there is a change in the particle shape from star-like (truncated-cube) CsAuBr; to
cube-shaped Cs,;Au,Brg. The formation of Cs,Au,Brg has also been achieved by a different
process which requires heating of CsAuBr, and CsAuBrj; at a higher temperature of around 220
°C for a complete transition. Figure S3(a) & (d) shows the SEM images of chemically
synthesized CsAuBr,; and CsAuBr; (annealed at 70 °C), respectively. Figure 3(c) & (f) shows
the SEM images of Cs,Au,Brs prepared by annealing CsAuBr, and CsAuBr; at 220 °C,
respectively. The direct comparison between Figure S3(c) & (f) and Figure 2(c) (for

Cs,Au,Brg) might not be accurate as the same phase of Cs,Au,Brg is obtained via two
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completely different approaches since the shape and size of any material/compound depends

greatly on the method of their preparation.” 10

Moreover, we  have tried to wunderstand the shape evolution from

CsAuBr,/CsAuBr;— Cs,Au,Brg during the heat treatment. CsAuBr; synthesized via chemical
method is found to have star-like morphology (one kind of truncated cubic shape) which, after
heat treatment, gets evolved into cube shaped Cs,Au,Brg. On the other hand, CsAuBr, has rod-
like shape and after annealing the compound, it preserves its shape though the phase evolves
to Cs,Au,Brg. As both the shapes (cube and rod; different aspect ratio) belongs to the same
family, indirectly we can say that the morphology of Cs,Au,Brg obtained via two different

methods are similar.

Figure S3: Evolution of the morphology of (a)-(c) CsAuBr, and (d)-(f) CsAuBr; with an
increase in annealing temperature. SEM image shows that CsAuBr; has star-like morphology,
which gradually transforms into cubic morphology marking the transition of cubic CsAuBr; to
tetragonal Cs,Au,Bry at elevated temperatures.

The high-resolution photoelectron spectra as shown in Figure S4(a)-(c), reveal the core
level spectra of C 1s, Cs 3d and Br 3d, respectively. The XPS spectra are corrected to the
binding energy of 284.7 eV in accordance with the C Is line of aliphatic (adventitious) carbon
taken as reference. The two contributions 3ds, and 3ds5, as observed for Cs 3d spectrum,
located at 724.4 eV and 738.4 eV, correspond to Cs* cations and are in line with the literature
data.!' The Br 3d spectrum can be deconvoluted into two peaks at 68.5 eV and 69.9 eV

corresponding to the binding energies of 3ds, and 3ds),, respectively. The energy difference
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between these deconvoluted peaks is ~1.4 eV and matches well with the previously reported

results.!2
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Figure S4: The high-resolution spectra for (a) C 1s, (b) Cs 3d and (c) Br 3d respectively. C 1s
line of aliphatic carbon is used as a reference to correct the XPS spectra. The spectra
corresponding to the core levels of Cs 3d and Br 3d indicate the presence of +1 and -1 oxidation
states for Cs and Br, respectively.

In order to find the bandgap of as prepared powdered samples with x = 0, 25, 75, 100
and 200 pl of added HBr into the precursor solution of CsAuCly, UV-Vis spectroscopic
measurement in the diffuse reflectance (DR) mode is performed over the spectral range of 400-
1400 nm, and are shown in Figure S5. The DR spectrum, which is a plot between percentage

reflectance and wavelength, is converted into pseudo-absorption data using the well-known

Kubleka-Munk equation given by: ©  Here, Re, is reflectance while K
and S are the absorption and scattering coefficients of the sample, respectively.!> The equation
holds only when the scattering coefficient is independent of wavelength, which happens when
the wavelength of the incident photons is less than the average grain size of the absorbing
materials. The condition is satisfied for the bulk materials and thus, make Kubelka-Munk (K-

M) function, F(ROO), to match closely with the actual absorption spectra.!4
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Figure S5: Diffuse reflectance (DR) spectra for CsAuCl, under treatment with different HBr
concentrations (x =0, 25, 50, 75, 100, 200 and 500 pl).

The degree of disorder in CsAuBr, and Cs,Au,Brg is elucidated by making use of the sub-
bandgap absorption edge of the absorption spectra, generally known as Urbach energy (E£,). E,
signifies density of deep defects, which act as recombination states in the bandgap of the
material; a low value of which underlines the high tolerance to defects. The Urbach energy (£,)
is calculated using:

E
E
Aoce/

u
The rule is applicable within a section of the absorption spectrum which is explained by the
“exponential distribution of the density of localized states in the tails of the allowed bands”.!?
The exponential part near the optical band edge corresponds to Urbach tail. The sub-bandgap
absorption mainly leads to this Urbach tail, which is observerd at lower energies (indicative of
a disorderness in the system) and is followed by band-to-band transitions at higher energies.
Therefore, for Urbach energy calculation, the fitting should be done only for exponential tails
where, E < Eg (bandgap). Hence, we have fitted only that portion of the curve where, E < 1.98
eV for CsAuBr, and E < 1.4 eV for Cs,Au,Brg. In our case, as shown in Figure S6, the value

of E, decreases from 347 meV to 75 meV as we change the Br concentration from 75 pl to 500

ul in CsAuCly, indicating the decrease in disorderness.

S6



T T 1 3 T T T T T L
3.5F
(a) L (b)
. — CsAuBr, —CszAuZBr6
= [inear Fit y)| g— Linear Fit
~3.0f 1 ~
= <
= g 1f '
2.5 _ . ol )
E =347 meV _/ E =75 meV

16 1.8 20 22 24 10 L1 12 13 14 15 1.6
Energy (eV) Energy (eV)

Figure S6: Experimentally calculated Urbach energies for (a) CsAuBr4 (x = 75 ul HBr) and
(b) Cs,Au,Brg (x = 500 pl HBr). Urbach energy is given by the inverse of the slope obtained
from the graph In(A) v/s energy.

Table S1: Direct and indirect bandgap values for CsAuCl, with a change in the quantity of
HBr added.

Quantity of HBr, x (ul) Direct Bandgap (eV) Indirect Bandgap (eV)

0 2.32 1.96

25 2.10 1.94

50 2.07 1.95

75 1.98 1.89

100 1.96 1.80

200 - -

500 1.41 1.38

Three phases of gold-based bromide perovskites were investigated theoretically to
understand the stability, electronic structure, and the phase transition from one phase to
another. The optimized structures of the three phases are shown in Figure S7.
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Figure S7: The total density of states for the monoclinic CsAuBr,, along with the individual
atomic contributions.
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Figure S8: Density of states for the Au-atom of the monoclinic phase, CsAuBr, and the
contributions from two different Au atoms (Au-1 and Au-2).
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Figure S9: The total density of states for the cubic phase, CsAuBr;, along with the individual

atomic contributions.
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Figure S10: The total density of states for the tetragonal phase, Cs,Au,Brg, along with the

individual atomic contributions.
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Figure S11: Density of states for the Au-atom of the tetragonal phase, Cs,Au,Brg and the
contributions from two different Au atoms (Au-1 and Au-2).
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Figure S12: The direct bandgap obtained for Cs,Au,Brs via heating (a) CsAuBr4 and (b)
CsAuBr; at 220 °C.
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Figure S13: Simulated compositional phase diagram with respect to competing for secondary
phases: (a) and (b) with respect to the change in chemical potential of Cs vs Au for CsAuBr,
and Cs;Au,Brg phase respectively, and (¢) and (d) with respect to the change in chemical
potential of Cs vs Br for CsAuBr4 and Cs,Au,Brs phase respectively. Grey shaded regions
confirm the stability of the compounds and show the allowed chemical potential regions of
constituent elements. Here, we are showing only the secondary phases which intersect the
desired stability region.
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Figure S14: Comparison of the DFT ground state energy with the change in volume for the
different phases. The blue line (common tangent) marks the points for the phase transition from
cubic to tetragonal, orange line from cubic to monoclinic and purple line from monoclinic to
tetragonal phase.
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Table S2: Change in lattice parameters with temperature for CsAuBr;.

Temperature (°C) a (A) b (A) c(A)

RT 5.52 5.51 5.50

50 5.54 5.50 5.50

100 5.55 5.42 5.50

150 5.56 5.50 5.59

180 7.86 7.90 11.48

200 7.88 7.90 11.48

220 7.88 7.90 11.48
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