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Methods stable single-metal oxides and compare them with the DFT
energy of the combination in the perovskite structure. We

All calculations are performed for the primitive unit cebre-  consider a compound non-stable when the AB#Dergy is

taining 5 atoms: 3 oxygen and 2 metals. Each simulation i$.2 eV/atom greater than the best outcome from the LP:

composed of two part: the optimization of the structure and AE = ABOs(s)+
the calculation of the bandgap. i 3 A B
With respect to the stability, Calle-Vallejg al. have re- min(cy (8)+C2B(s) +

_cently shown that the trends in the heat of formatior_l for exid_ +  3AXOy(S) +C4BxOy (S) +¢50) (1)
in the perovskite structure are well reproduced with Dgnsit
Functional Theory (DFT3 using the generalized-gradient- Where A and B are the bulk metals.@, and B0y are the
approximation (GGA) in form of the RPBE-functioriafor single metal oxides included in the references and O is sim-
the exchange-correlation energy. Even the absolute values PYY obta-mefj from HO —H,. The problem is solved with the
the heats of formation can be determined within a few tenth&onstraints:
of an electronvolt per metal atofWe have therefore adopted a+cz=1, C+eu=1, c3+a+cs=3, (2)
this scheme for the calculation of stabilities. . .

for the A, B metals and oxygen, respectively, to obtain thre pe

For each combmgﬂon, we scan for. th? optimal Iatt|c§ P&vskite stoichiometry. A similar analysis has been perfedm
rameter, relax positions of the atoms inside the cell, uhél

) o1 i for the oxynitrides with the most stable single- and bi-rheta
residual forces are less tharD6 eVA ~and scan again for phiyrides and single-metal oxynitrides in the pool of refere

the lattice parameter with a mesh of 64 k-points in the Bril- 5ysiem and with the constraints that the sum of the oxygen and
louin zone and a grid spacing equal tdD. For the total en- nitrogen atoms must be equal to 2 and 1, respectively.

ergy calculation,we use a mesh of 216 k-points in the Briflou

zone and a grid spacing equal td.B. The calculations per-
formed are converged with respect to these parameters.

The GLLB-SC functional works by adding the derivative In t Table 1 we report the comparison between the theoret-
discontinuity to the Kohn-Sham gap to obtain the quasi-ical gaps evaluated using the GLLB-SC functioiel’ with
particle gap. For light harvesting one is really interesited the experimental values in the most stable single-metaleoxi
the photo-absorption gap which may differ from the quasi-structure obtained from the ICSD datab&8eThose values
particle gap because of excitonic effects. However, for théhave been used for Fig. 1 in the manuscript. For each struc-
class of materials that we study here we expect these effectgre, we use the same procedure used for the screening: i.e.
to be only moderate. Using this functional, we need a mesh o$tarting from the experimental data, we find the lattice para
about 400 k-points. We calculate the GLLB-SC gap only foreters and we completely relax the internal degrees of fr@edo
the combinations with a RPBE direct gap larger thah@v.  using an RPBE functiondland afterward we evaluate the gaps
This does not affect the screening since we are looking for aising the GLLB-SC functional.
material with a visible-light bandgap.

All the calculations are performed on our linux cluster Ni- Cubic Perovskite Oxides
flheim with 5640 CPU cores.

A linear programming algorithm (LP) was adopted to de-t Table 2 reports the combinations that fulfill the conditions
termine the stability relative to a pool of reference sysgsem for stability and for the gap. We specify the heat of forma-
For the oxides, we include the single-metal bulk and the mostion and the indirect (direct) bandgap. The heat of fornmatio

Bandgaps of Single-Metal Oxides
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i1 1 he BQ}!QI Ser' e of Chamictng 2012
This journalis €1 Oxide =HDG LLB-SC Expt. Method Oxide | GLLB-SC Expt. Method
Gap [eV] | Gap [eV] Gap [eV] | Gap [eV]
BeO 10.9 10.6 Optical* || RO3 1.4 1.2
MgO 8.1 7.9 Thermaf || PdO 0.2 1.0
caO 7.7 7.8 Thermaf || PtO 1.4 1.8
Sro 7.4 6.4 Thermaf || Cu,O 1.1 2.2 10
BaO 5.0 4.4 ThermaP || Ag,O 0.4 1.2 n
Se03 7.0 6.3 12 ZnO 3.3 3.3 Optical'®
TiO, (1) 3.8 3.0 14 Cdo 1.7 2.2 Optical*®
TiO5 (a) 4.6 3.2 16 Al,0s3 9.7 8.8 Optical’
ZrO, (1) 7.1 6.6 18 Ga03 5.0 4.8 19
ZrO, (m) 6.8 5.3 20 IN203 3.0 2.6 21
Nb,Osg 3.4 3.4 7 SnG 3.6 3.6 Photoemissiof?
MoO3 3.2 3.0 7 PbO 4.1 2.8 Indirect?®
WOs 2.9 2.7 Optical?* || Bi»O3 4.4 2.9 Optical?®

Table 1 bandgaps: theoretical and experimental bandgap evaluated for theaxiees included in Fig. 1 of the manuscript. The type of the
experimental gap is reported, when available, in the method column.

| g e ST e ST S
/f\\’a(;“;wé\d?vfseﬁé)é?f&’é&ff
AE [eV/atom] | Gap [eV] | Band Edges -1 T
TITaO3 0.10 2.0(2.0 3 T S | IO S
GaTaQ —0.03 2.1(2.2) z :
SnTiOs 0.10 25(2.7) v s, |
CsNbQ 0.18 2.8(2.9) v R I s Y B A A B 0/H;0
AgNbO; 2 0.20 2.9(35) v g o
NaVvO; 0.10 1.0 (1.7) :
LiVO3 0.17 1.3(2.0) v 3t ,
BasnQ @ —0.08 25 v T et s
Srsn@ P 0.01 2.9 (3.4) v L .
casnQP 0.16 3.0(3.6) v
SrGeQ 0.16 1.2(1.7) v
Ezgsg 8;(6) ié 88 j Fig. 1Band edge_ position (_eva_luated for the combinatic_)r_ls of
- - - 1 Table 2. In the figure, we indicate the band edge position for the

indirect (in red) and direct (in black) gap.

Table 2 Cubic Perovskite Oxides: Formation energi&g) per
atom and indirect (direct) bandgap for the candidates for a new solar

light capture material. It is also indicated Y if the band edges is obtained using the linear programming approach with the
match with the water redox potentid The experimental bandgaps ~ Single-metal bulks, the single- and bi-metal oxides as pbol

for the two known cubic perovskite materials, AgNpénd references. We report also if the band edges match with the
BaSnQ, are equal to B eV29 and 31 eV30, respectively? water redox potential and the experimental bandgap for the

SrSnQ and CaSn@suffer from a lattice distortion and they show  combinations showing a perovskite or a perovskite-likesexp
an orthorhombic perovskite with a DFT (experimental) bandgaps imental structure.

30 30 4
equalto 42 (4.1) ev™"and 38 (4.4) eV, respectively. 1 Fig 1 reports the band edge positions, evaluated using the

empirical rule provided by Butler and Ginléyand using the
DFT gaps calculated here, for all the combinations dfa-
ble 2. Three combinations do not match with the #? po-

2| Journal Name, 2010, [vol]l1-4 This journal is © The Royal Society of Chemistry [year]
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Experimental References

This jou istry 2012
AE DFT Gap| Band
[eV/atom] [eV] Edges| Gap [eV] 1
BaTaQN -0.01 2.0 v 2.0%°
SrTaGN 0.00 21 v 2.132
CaTaQN 0.09 2.2 v | 25% g
MgTaO;N 0.19 21(28) | v
PbTaQN 0.19 1.9 (2.1) 4
LaTiOoN 0.05 25 v 213
5

Table 3 Cubic perovskite oxynitrides: Formation energi&&] per

atom and indirect (direct) bandgap for the candidates for a new solar
light capture material. It is also indicated if the position of the

band edges matches with the water redox potential and the
experimental bandgap for the cubic perovskites known structures.
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Fig. 2Band edge position evaluated for the oxynitride combinations

of f Table 3. 18

19
tential. All the combinations are suitable for oxygen evolu
tion: this is a feature of the oxides. 20

Including the criteria on the band edge positions in additio 5,
to the rules on the heat of formation and on the gaps, we reduce
the list of candidates from 13 to the 10 of Fig. 4 in the paper. 22

23
24
As in 1 Table 2 for the oxides, i Table 3 we list the combi- 25
nations that comes out after the screening on the stabilitly a 26
on the bandgap. In addition we report if the position of band,,
edges matches with the water redox potential. The experimen
tal values for the gaps are in a good agreement with the DFB8
values.

+ Fig 2 shows the bands position of all the combinations of*°
T Table 3.

Cubic Perovskite Oxynitrides
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