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Abstract

During the past two years AsBB’'Xg halide double perovskites attracted attention
as potential lead-free alternatives to Pb-based halide perovskites. However, none of
the compounds discovered so far can match the optoelectronic properties of MAPbDI3
(MA = CH3NH3). Here we argue that, from the electronic structure viewpoint, the
only option to make Pb-free double perovskites with electronic and optical properties
similar to MAPbI3 is to combine In and Bi as Bt and B3 cations, respectively. While
inorganic double perovskites such as CsaInBiXg were found to be unstable due to the
tendency of Int to oxidize into In®*, here we show that it is possible to stabilize In-
based halide double perovskites by increasing the size of the A-site cation. In fact, by
performing first-principles calculations of phase stability and decomposition pathways,
we found that the +1 oxidation state of In becomes progressively more stable as the
A-site cation changes from K to Cs, and the structure is predicted to be stable for
cations larger than Cs. Based on these results we propose the use of organic cations
MA and FA [FA = CH(NH3)s] as the most promising route to stabilize A2InBiBrg
double perovskites. We show that the electronic and optical properties of MA5InBiBrg
are remarkably similar to those of the champion compound MAPbDIs, and we explore
the effects of combining Cs, MA, and FA to form mixed-cation (Cs/MA/FA)2InBiBrg

halide double perovskites.



Perovskites find applications in many areas of technology due to their remarkable struc-
tural, electronic, optical, electrical, magnetic, catalytic, and superconducting properties.'™”
During the past five years hybrid organic-inorganic ABX3 perovskites using lead as the
B-site cation and halogens (I, Br, Cl) as the X-site anions revolutionized the research on
photovoltaics. ¥ 10 The solar-to-electricity power conversion efficiency of devices based on
(MA/FA)PbI; and related systems, with MA = CH3NHj3 and FA = CH(NH,),, currently
above 22%,!! exceeds the performance of amorphous and multi-crystalline thin film silicon
cells. However, lead halide perovskites tend to degrade when exposed to air, heat, or hu-
midity,? therefore the fabrication of solar modules requires more complex encapsulation
strategies than for silicon. In addition, the presence of lead in these materials raises ques-
tions on the environmental impact in view of the large-scale deployment of perovskite solar
cells.

So far the quest for efficient and stable alternatives to lead-based perovskites has proven
challenging.!® For example, the substitution of Pb*" by same-group elements Sn or Ge
yields compounds that are unstable, since Sn and Ge prefer the +4 oxidation state.' In
principle one may try to replace Pb by other +2 cations, but an extensive computational
screening showed that no other stable ABX3 halide perovskite matches the opto-electronic
properties of MAPbI;.'® More recently, the replacement of lead by two heterovalent cations
in a double perovskite structure, AsBB’Xg, has been proposed.'®'® To date four inor-
ganic halide double perovskites (CsyBiAgClg, CsyBiAgBrg, CsoInAgClg, CsySbAgClg) 16721
and three hybrid halide double perovskites (MA2BiKClg, MA;BiTIBrg, MA,BiAgBrg) have
been synthesized.?? 2* Recent efforts were also devoted to mix the B-site cations in order
to achieve band gap tunability.?>?% Among the stoichiometric compounds, only Cs,InAgClg
and MA,BiTIBrg exhibit direct band gaps. However, CsyInAgClg has a large band gap,
3.3 eV, and MA,BiTIBrg contains T1, which is toxic. Therefore, these lead-free alternatives
to MAPDI; are less attractive for solar cells and optoelectronic devices.

In this work we consider the question on how to make lead-free A;B*B3* X4 halide double



perovskites with electronic and optical properties as close as possible to those of MAPbDI;3.
The key requirements that we look for are (i) a direct band gap, (ii) low and balanced
effective masses, (iii) high absorption coefficient in the visible, and (iv) a compound that
is stable against decomposition. Using a combination of elementary inorganic chemistry
considerations and ab initio calculations of phase diagrams, electronic and optical properties,
we show that the only suitable combination for achieving electronic properties comparable
to MAPDI; is to have In as BT cation, and Bi as B3t cation. Furthermore, we show that in
order to stabilize the double perovskite structure it is necessary to move beyond elemental
A-site cations, and to use either MA or FA or their mixes. Based on these findings we
propose that the mixed-cation double perovskites (Cs/MA /FA),;InBiBrg will be the most
promising route to achieving lead-free perovskites with properties comparable to the best
compounds available today, such as direct band gaps in the visible, low effective masses and
sharp absorption onset.

In A,BTB3Xg compounds the A-site cation acts mostly as a spacer, and its electronic
states are located far from the band edges. This is similar to what happens in ABXj
perovskites.?” The halogens at the X site (F, Cl, Br, I) are known to modulate the band gap,
so that the gap decreases with increasing ionic radius of the anion.?® Importantly, neither
the A-site nor the X-site elements modify the orbital character and direct/indirect nature of
the fundamental gap. Therefore, in order to design materials with direct gap, low effective
masses, and strong dipole oscillator strengths, we must focus on the BT and B?** cations.

In a previous work we considered CsyBB’Xg double perovskites, with B = Bi, Sb, B’ =
Cu, Ag, Au, and X = Cl, Br, 1.'® Electronic structure calculations indicated that all these
combinations would yield indirect band gaps in the visible range if the compounds were
stable. The indirect nature of the gaps is closely related to the formal valency of the B
and B’ cations. For example, in CsyBiAgClg the top of the valence band stems from the
filled Ag-4d shell and the filled Bi-6s and 5d shells. The hybridization of Ag-d and Bi-s

states via the Cl ligands brings the top of the band to the X point of the fcc Brillouin



zone. 01 If we artificially lower the s-states of Bi in a Gedankenexperiment, then we are
left with an interaction between Ag-d and Bi-d states, the valence band top moves to the I'
point, and the band gap becomes direct.? This observation led us to design and make a new
double perovskites, CssInAgClg, where In®t and Ag* have both filled 4d shells and empty
5s and 5p shells in their formal oxidation states.?’ As expected, this new double perovskites
exhibits a direct gap at I". However, in this case the presence of d-states at the valence
band top also introduces a non-dispersive band that hinders charge carrier transport and
facilitates the formation of deep defects. In fact, the as-synthesized compound was found to
exhibit photochromic behavior, and the optical measurements revealed absorption well-below
the band gap, both features that are consistent with the presence of deep defects.?’ Taken
together, these observations suggest that in order to engineer a direct gap and well-dispersive
bands, we should avoid d states altogether at the band extrema.

Following this general guideline we proceed to examine possible candidates for the B
and B** in A,BB’Xg double perovskites. For this we consider in turn all the elements that
are found in elpasolites.'*?%73! For the B*" site the possibilities include (i) several transition
metals (Sc-Cu, Y and Au), (ii) the lanthanides, (iii) some actinides (Pu, Am and Bk), (iv) the
elements of Group III, and (v) the pnictogens. Among these candidates, transition metals,
lanthanides, and actinides have partially-occupied d or f orbitals, therefore we would expect
to find such states at the band extrema. Similarly, elements belonging to Group III will
have the highest occupied states of d character in their +3 oxidation state, therefore we
would expect d states at the top of the valence band. Pnictogens stand out in this list,
because in their 43 state they have occupied s and d shell and unoccupied p shell, with the
d electrons deeper than the s electrons. Therefore in this case we expect s states at the
valence band top, and p states at the conduction band bottom. This is analogous to what
happens in MAPbI3.??2 Among the pnictogens, N3 and P3* are very small cations, and as
a result they would not be stable in a perovskite structure according to Goldschmidt’s rules

(we estimate Goldschmidt’s octahedral factors of 0.12 and 0.34 for NFg and PFg octahedra,



respectively, well below the stability limit of 0.41).33 Arsenic is toxic, and as such it is not a
good alternative to Pb. Thus, the two larger member of the pnictogen family, Sb** and Bi**,
remain the only promising candidates to realize double perovskites with electronic structure
similar to MAPbIs.

For the BT site in A;BB'Xg, the possible candidates are (i) the alkali metals, (ii) the
noble metals, and (iii) the elements of Group III. Alkali metals usually lead to non dispersive
bands,?? therefore they are not useful in the present context. Cations of noble metals in the
+1 oxidation state have the highest occupied orbitals of d-character. This is expected to
lead to valence band maxima of d character, which is not desirable. On the other hand, the
elements of Group III in their +1 oxidation state have filled s and d shells, with d electrons
deeper than s electrons. This configuration is analogous to the case of Pb in MAPbI3 and
is ideal for our purposes. Among Group III elements, the +1 oxidation state tends to be
stable only for the largest members of the group. For example In and T1 can be found in
the +1 state, while Ga can be found in the +1 state only at high temperature.®* Since TI
is toxic, we are left with In™ as the sole candidate for the B* site in lead-free halide double
perovskites. The conceptual screening just described is summarized in Figure 1.

In the following we investigate the stability, electronic, and optical properties of double
perovskites of the type AsInBiXg and AsInSbXg with A = K, Rb or Cs, and X = F, Cl, Br
or I. We first examine the empirical Goldschmidt’s structure factors, namely the octahedral
factor = rg/rx and the tolerance factor t = (rp + rg)/v/2(rg + rx), with ra, 7, and
rx denoting ionic radii.*® We consider the octahedral factor for each type of octahedron,
and we average the ionic radii of the B and B’ site for the tolerance factor. Of the 36
hypothetical structures considered, all In/X and Bi/X combinations pass the octahedral
factor test (u > 0.41), as well as the combinations Sb/F and Sb/Cl, while Sb/Br and Sb/I
are to be discarded. All these combinations pass the tolerance factor test (0.75 < ¢ < 1.0).3
This pre-screening leaves us with 18 potential double perovskites.

As the next step, we perform first-principles calculations to investigate the stability of
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Figure 1: Ball, stick, and polyhedra model of A;BB'Xg elpasolite (cation-ordered double
perovskite) in the cubic structure, within the Fm3m space group. The columns on the right
illustrate the elements that can be used as Bt or B?* sites, under the constraint that no d
or f electrons appear among the highest occupied or lowest unoccupied orbitals. Among the
ten possible options, only In*, Sb** and Bi** are not toxic, can be stable in the required
oxidation state, and match Goldschmidt’s criteria for structural stability.

these 18 hypothetical compounds against decomposition. To this aim we interrogate the
Materials Project database3” and compare all possible decomposition pathways, as shown
in Table 1. Most of the hypothetical double perovskites considered here are found to be
unstable within the compound space of the Materials Project database, with the exception of
RbsInSbClg, RboInBiClg, CsoInBiFg and CsyInBiBrg. While this is seemingly good news, we
should be careful to consider that our compounds may decompose into reaction products may
not included in the Materials Project or even in the Inorganic Crystal Structure Database,
ICSD.3® This is especially important since the redox mechanism of In in these compounds
was shown to play a key role.?’

In order to address this lack of information, we calculate the total energies of hypothetical
A3ByXg compounds with A = Rb, Cs, B = In, Sb, Bi, and X = F, CI, Br. These compounds
have been selected in order to complete the Materials Project data in Table 1 with all
possible combinations of A, B, and X. In our calculations we make the assumption that these

compounds have the same crystal structure as Cs3BisBrg, % and that AsIn,Xe compounds



Table 1: Decomposition energies (AE) and associated decomposition pathways of hypothet-
ical In/Bi and In/Sb halide double perovskite. The decomposition pathways are generated
from the Materials Project database. The asterisk denotes a decomposition route where
the reaction products are not reported in the Materials Project of the International Crystal
Structure Database (ICSD). A negative number indicates that the structure is predicted to
decompose.

Compound AE (meV/atom) Decomposition Pathway

K,InSbFg 2163 4/15 KInoFy + 1/3 KSbF, + 7/15 KyInFg + 2/3 Sb
K,InSbClg -95  7/15 SbCl3 + 1/15 In;Cly 4+ 2/3 K3InClg + 8/15 Sb
RbyInSbFg -73  1/3 RbyIngFy; +7/6 RbF+1/6 RbSboF; + 2/3 Sh
RbeInSbClg -58*  1/2 Rb3InyClg + 1/6 Rb3SbyClg + 2/3 Sh
CsoInSbFg -17  2/5 CsF+4/5 CsInF3 + 4/5 CsSbF, + 1/5 InSb
Cs2InSbClg -57  1/2 Cs3InyClg 4+ 1/6 Cs3ShyClg + 2/3 Sh

K,InBiF, 134 1/3 KInFr + 1/3 KoBiF5 + 1/3 KsInFs + 2/3 Bi
K,InBiCl 61 3/22 BigCly +2/11 BiCls + 1/6 TnoCly + 2/3 KyInClg
K,InBiBrg -60  1/3 BiBr3+KInBry,+KBr+2/3 Bi

KsInBilg -64  2KI+Inl+Bil;

Rb,InBiF 42 1/3 RbBiF,+RbF+1/3 RbyInsFy; + 2/3 Bi
Rb,nBiClg 243" 1/2 RbyInyCly + 1/6 RbyBiCly + 2/3 Bi
Rb,InBiBrg -26  2/3 Rb3BiBrg+InBrs + 1/3 Bi

Rb,InBilg 36 1/6 RbyBisly + 1/2 RbI+RbInl, + 2/3 Bi
CsyInBiFg -28%  1/2 CszlngFg + 1/6 Cs3BisFg + 2/3 Bi

Cs,InBiClg -24  1/2 Cs3InaCly + 1/6 Cs3BipClg 4 2/3 Bi
Cs7InBiBrg -1* 1/2 Cs3IngBrg + 1/6 Cs3BiyBrg + 2/3 Bi
CsInBil 12 1/2 OsI+1/2 CsyBiply+Inl

Fr,InBiBrg 7 1/2 Fr3lnyBrg + 1/6 FryBiyBrg + 2/3 Bi

have the same structure as Cs3In,Clg.3° The decomposition pathways involving hypothetical
reaction products are indicated by an asterisk in Table 1. After including these additional
reactions, we obtain the disappointing result that most halide double perovskites AsInBiXg
and AsInSbXg with A = K, Rb or Cs, and X = F, CI, Br or I will tend to spontaneously
decompose into compounds where In in its +3 oxidation state.

Among all the hypothetical double perovskites considered, Cs;InBiBrg exhibits the small-

est decomposition energy, 1 meV/atom. This result is in agreement with previous calcula-
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Figure 2: Decomposition energies and tolerance factors for A;InBiBrg double perovskites.
(a) Decomposition energy vs. the size of the A-site cation, for the reaction A;InBiBrg —
1/2A3InyBrg + 1/6A3BiyBrg 4+ 2/3Bi. We report the results of calculations using a variety of
settings: LDA or PBE exchange and correlation, and ultra-soft pseudopotentials (US) or the
projector augmented wave method (PAW). For completeness we also include two calculations
performed by including spin-orbit interactions (SOC). The lines are least-square fits to all
data-points (without SOC), and the green area indicates the stability region where we expect
to find stable In/Bi double perovskites. (b) Goldschmidt’s tolerance factor ¢ evaluated for
cations of varying size. The dotted horizontal line shows ¢ = 1, which corresponds to the
ideal cubic perovskite structure. MA stands for methylammonium and FA is formamidinium.

tions.?*4! The very close proximity of this compound to a stable phase suggests that a
slightly-modified version of CsyInBiBrg might be amenable to synthesis. In order to test
this hypothesis, we investigate the trends of the decomposition energies as a function of
the A-site, B-site, and X-site ions. Surprisingly Figure 2a shows that the energy gain of
the reaction A3InBiBrg — 1/2 A3InyBrg + 1/6 A3BisBrg 4 2/3Bi decreases as the size of the
A-site cation increases. In order to be more confident about this trend we repeated the cal-
culations using either the local density approximations (LDA) to density functional theory
(DFT) or the generalized gradient approximation (PBE), as well as using either ultra-soft
(US) pseudopotentials or the projector augmented wave (PAW) method, as described in the
Methods. The trend in Figure 2a indicates that it should be possible to stabilize these dou-

ble perovskites by using A-site cations larger than Cs. In particular, by extrapolating the



curve of decomposition energy vs. the ionic radius of the A cation, we find that the organic
cations used in the best photovoltaic perovskites, such as MA and FA (r, = 2.2 Aand 2.5 A,
respectively),*? should yield structures which are stable against decomposition.

The calculation of phase diagrams of hybrid organic-inorganic perovskites is very chal-
lenging due to the sensitivity of the results to the orientation of the organic cations, as well
as the lack of detailed structural information on the molecular salt precursors. In order
to prove our point we circumvent this difficulty by performing a calculation on the hypo-
thetical” double perovskite FroInBiBrg. We emphasize that Fr is radioactive and obviously
not suitable for applications: we choose it merely for a computational experiment, since it
is the only +1 elemental cation with an ionic radius larger than Cs. By performing total
energy calculations we find that the replacement of Cs by Fr improves the stability of the
double perovskite against decomposition, thereby fully validating the trend anticipated in
Figure 2a. This calculation demonstrates that indeed larger cations should make the halide
double perovskite A;InBiBrg stable against decomposition. For completeness we also show
in Figure 2b the empirical tolerance factors. We can see that all the compounds fall within
the empirical stability region, with FA lying at the edge of this region. Our findings indi-
cate that mixes of MA,InBiBrg and FA;InBiBrg, and even possibly with a small fraction of
Cs2InBiBrg, should be amenable to synthesis.

We emphasize that, due to the uncertainty in the DFT energetics associated with the
choice of the exchange and correlation functional, it is not possible at present to pinpoint the
exact mixing fraction of Cs/MA /FA that will lead to stable double perovskites. All we can
say is that we have strong evidence for the existence of a ‘stability region’ (the green area in
Figure 2a) where it should be possible to find stable organic-inorganic double perovskites.
Based on the data at hand we expect to find stable compounds around compositions like
(MAg5FAg5)2InBiBrg.

Having identified the most promising compositions to achieve stable double perovskites

without d states at the band edges, we proceed to analyze their electronic and optical prop-
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Figure 3:  Electronic properties of the ’hypothetical’ cubic halide double perovskite
FryInBiBrg. (a) Band structure of FryInBiBrg using the PBEO hybrid functional. Occu-
pied bands are shown in blue and unoccupied bands are in red. (b) Square modulus of the
electronic wavefunctions at the top of the valence band (blue) and at the bottom of the
conduction band (red). We see that the wavefunctions extend along all three spatial direc-
tions, unlike previously-reported compounds such as CsyInAgClg.? (c¢) Schematic molecular
orbital diagram of FryInBiBrg. We emphasize that we consider Fr because it is the only +1
elemental cation with an tonic radius larger than Cs; Fr is radioactive and is not suitable for
applications.

erties. We start from FryInBiBrg as the simplest compound that is expected to be stable,
even though Fr cannot be used for real applications. We optimize the structure in the elpa-
solite lattice, with space group Fm3m.'® The electronic band structure at the DFT/PBE0
level is shown in Figure 3a. We find highly dispersive bands, with small, isotropic, and
balanced effective masses: mj=0.07 m., m:=0.08 m,. These values are comparable with
those of MAPbI3.*® The dispersive character of the bands is a result of the continuous over-

lap between In-5s, Bi-6p, Br-4p states in the valence, and In-5p, Bi-6p, Br-4p states in the
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conduction, see the molecular orbital diagram in Figure 3b. In contrast to In/Ag halide dou-
ble perovskites,?® here the wavefunctions exhibit a distinctly three-dimensional character, as
shown in Figure 3c.**

Having established that the electronic structure of FroInBiBrg is very similar to MAPDI3,
we move on to investigate the hybrid double perovskite MA,InBiBrg. In this case the orien-
tation of the organic cations is well-known to lead to artifacts such as unphysical distortions
of the octahedra, artificial ferroelectric polarization, and artificial breaking of inversion sym-
metry, leading to Rashba-type spin-orbit splitting of the bands.**%% In order to avoid these
artifacts, we start from the structural data available for the low-temperature orthorhombic
Pnma phase of MAPbI5, 4" and replace the four Pb atoms in the unit cell with Bi and In,
alternating in a rock-salt sublattice. The optimized structure is shown in Figure 4a. We
find that MA,InBiBrg retains similar octahedral tilt angles as MAPbDI3, and the unit-cell
volume is only slightly smaller. The BiBrg octahedra are found to be slightly smaller than
InBrg octahedra (the BX bond lengths are 2.9 A vs. 3.3-34 A, respectively). The band
structure of MA,InBiBrg is shown in Figure 4, alongside with the band structure of MAPDI;
for comparison. The calculated band gap of MAPbI; is 1.9 eV within DFT/PBEQ, in good
agreement with higher-level calculations*® and experiment.*’ The band gap of MA,InBiBrg
within the same level of approximation is only slightly larger, 2.0 eV. We recall that band
gaps tend to be larger in the presence of octahedral tilts,?”*° hence the high-temperature
cubic structures are expected to exhibit smaller gaps.

Figure 4b shows the calculated optical absorption spectrum of MA,InBiBrg, as well as
calculations for prototypical photovoltaic materials such as Si, GaAs, and MAPDbIs. It is evi-
dent that MA,InBiBrg is a strong optical absorber, and behaves essentially like MAPbI;. The
striking similarity between the electronic and optical properties of MAPbI3 and MA;InBiBrg
shown in Figure 4 provides a strong validation of the design rules discussed in this work.

In order to probe the effects of mixing cations at the A site, we construct models of

(Csp.5MAg5)2InBiBrg and (MAg 5FAq5)2InBiBrg by replacing two out of four MA cations in

12



a MA,InBiBr, MAPbI,

) 7
= :
2 1
= 2.0eV||[1.9eV
2
5 0

X r X

= Wavevector

5 108 ‘ ‘

£ GaAs

© 108 | Si

° MAPDI,

S 104 L )

ol MA,INBiBry

3 108 ‘ ‘ ‘ ‘ ‘

£ o5 1 1.5 2 25 3 35

Energy (eV)

(MA/FA),InBiBr,

Energy (eV)
! o

Wavevector

Figure 4: Electronic and optical properties of "hypothetical’ halide double perovskites
MA,InBiBrg, (Cs/MA)2InBiBrg, and (MA/FA),;InBiBrg. (a) Ball-stick-octahedra models of
the optimized structures and band structures of MA,;InBiBrg (left) and MAPDI3 (right). (b)
Calculated optical absorption coefficients of MA,InBiBrg (red), Si (purple), GaAs (black),
and MAPDI3 (green). (c) Same as in (a), but for (Cs/MA),InBiBrg and (MA/FA),InBiBrg.
MA stands for methylammonium and FA is formamidinium.

MA,InBiBrg with Cs or FA, respectively. We choose to alternate the two types of cations
in a rock-salt A-site sublattice, so as to maintain inversion symmetry. The optimized model
structures are shown in Figure 4c. The band structure of these compounds (Figure 4c) re-

mains very similar to that of MAPbI3, with band gaps of 1.7 eV [(Csg 5 MA( 5)2InBiBrg] and
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1.9 eV [(FAq5MA5)2InBiBrg]. This suggests that, on top of being stable against decom-
position, mixed-cation double perovskites should also offer band gap tunability across the
visible range, precisely as in the case of (Cs/MA/FA)Pbl;.5!%2

In conclusion, we identified a promising pathway to synthesize stable lead-free halide
double perovskites with optoelectronic properties comparable to those of MAPbI3. By com-
bining notions of elementary inorganic chemistry with ab initio calculations of phase stability,
electronic structure, and optical properties, we identified the mixed cation double perovskite
(Cs/MA/FA)2InBiBrg as a potential replacement for MAPbI3. Our key novel observation
is that the most problematic instability, namely the oxidation of In* into In3*, becomes
energetically less favorable as the size of the A-site cation increases. This finding rules out
all-inorganic double perovskites as potential replacements for MAPDI;, and indicates that
the road for Pb-free perovskites solar cells goes through organic-inorganic hybrid systems.
The present work urgently calls for a detailed experimental campaign to attempt the synthe-
sis and characterization of (Cs/MA/FA),InBiBrg across an extensive range of Cs/MA /FA

compositions.

Computational Methods: DFT calculations were performed using Quantum ESPRESSO%3
and VASP.%* For structural properties we employed the PBE® or the LDA%® exchange and
correlation, and for band structures we used the PBEO functional.®” We employed the PAW
method®® in VASP, and US pseudopotentials in Quantum ESPRESSO.*® We include In 4d
semicore states in all calculations, and all band structures are fully relativistic. %% The fol-
lowing planewaves kinetic energy cutoffs were employed: 38 Ry for PAW/LDA, 38 Ry for
PAW/PBE, 40 Ry for US/LDA, 40 Ry for US/PBE and 22 Ry for the PAW/PBEO(. The Bril-
louin zone was sampled as follows: 15% I'-centered grid for the structural relaxations; 6 grid
for the PBEO calculations; 153 grid for optical absorption. The band structures were calcu-
lated using DFT/PBE, and scissor-corrected using the PBEO gaps. The effective masses were
calculated using fully-relativistic DFT/PBEO using finite differences. The calculation of the

absorption coefficient was performed within the independent-particle approximation, using
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YAMBO, % the LDA, and fully-relativistic norm-conserving pseudopotentials;®? the spectra
were scissor-corrected using the PBEO gaps. The decomposition pathways were identified

t,37

using Pymatgen® and the Materials Projec and all energies except those marked by

asterisks in Table 1 are from the Materials Project.
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