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Photocatalytic water splitting represents a very promising but at the same time very challenging
contribution to a clean and renewable route to produce hydrogen fuel. Developing efficient and
cost-effective photocatalysts for water splitting is a growing need. For this purpose, semicon-
ductor photocatalysts have attracted much more attention due to their stability and low man-
ufacturing cost. Here, we have systematically applied several state-of-the-art advanced first-
principles-based methodologies, viz., hybrid density functional theory, many-body perturbation
theory (GoWy) and density functional perturbation theory (DFPT), to understand the electronic
structure properties of ABX,Y perovskites. We have chosen the vast composition space of ABX,Y
type perovskites where A and B are cations and X and Y can be nitrogen, oxygen, or fluorine.
These perovskites exhibit direct band gaps ranging from 1.6 to 3.3 eV. Further, to evaluate the
feasibility of the visible light catalytic performance, we calculate the structural, electronic, and op-
tical properties of ABX,Y perovskites. In addition, from hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER) mechanism, BalnO,F, InSnO,;N, CsPbO,F and LaNbN,O are
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found as probable photocatalysts.

1 Introduction

The photocatalytic water splitting has become an intense research
area and an excellent way to capture and store energy from the
sun!~4. Over recent decades, the number of applications based
on photocatalysis increased acutely®’. Although a wide range
of materials has been developed for photocatalytic performance
under visible light, most can only absorb light at a wavelength
of less than 500 nm, so only a small portion of the spectrum
can be utilized®!1. Therefore, the design of a semiconductor
for the efficient generation of solar fuel requires a suitable band
gap (1.5 < Eg < 2.8 eV) to efficiently absorb visible light, high di-
electric constant, high charge carrier mobility and suitable band
positions in order to perform the hydrogen and oxygen evolution
half-reactions (HER/OER) 1213,

So far, most of the existing photocatalysts are oxides!4. How-
ever, they have too large band gap to absorb visible light 1413,
This is mainly due to a very low valence band (VB) energy which
comes from the 2p orbitals of the oxygen atoms!>. A require-
ment for visible light induced photocatalysts is that the optimum
band gap energy should be less than 3 eV10, In order to solve
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this problem, non-oxides such as nitrides and sulfides have been
proposed as their VB position is usually higher in energy!17-18.
Nitrogen is less electronegative than oxygen that leads to reduc-
tion in the band gap. Hence, the optical gap overlaps with the
solar spectrum which makes this class of materials interesting
for application as solar absorbers and visible light-driven photo-
catalysts1?. Many useful oxynitrides have been reported, such
as: (i) CaTaO,N and LaTaON, are non toxic solid solutions, (ii)
BaTaO,N has a high dielectric constant and acts as a photocata-
lyst in water decomposition, and (iii) EuNbO,N is ferromagnetic
and show colossal magneto resistance 20-22, Also, it has been re-
ported that LaTaON,, LaTiO,N, SrTaO,N and BaTaO,N drive the
HER and OER half-reactions and can be used in Z-scheme con-
figurations capturing photons in the 600 to 750 nm range23-27,
Recently, Zhang et al. reported that CoO, modified LaTiO,N
has a high quantum efficiency of 27% at 440 nm towards wa-
ter oxidation?8. LaMg,Ta;_,O;,3,Ns_3, is found to be the first
oxynitride to utilize 600 nm photons in steady-state overall wa-
ter splitting2°. Moreover, various oxyfluoride perovskites such as
BaFeO,F, SrFeO,F and PbFeO,F have been discovered. These per-
ovskites exhibit magnetic ordering until a temperature of around
645 K, 685 K, and >500 K, respectively29-3!, Multiferroic behav-
ior was also shown by iron-based oxyfluoride perovskites32. Also,
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Samir et al. proposed the potential existence of a nitrofluoride
(LaZrN,F) from the first-principles based DFT approach. They
showed that LaZrN,F composition exhibits semiconducting prop-
erties with iono-covalent behavior33. However, despite several
research endeavors in the field of oxynitride, oxyfluoride and ni-
trofluoride perovskites, no such in-depth theoretical work is avail-
able to address their electronic, optical, dielectric properties and
their application in photocatalytic water splitting.

In this work, we have used various advanced state-of-the-art
first-principles based methodologies under the framework of
density functional theory (DFT)3#3°, many body perturbation
theory (MBPT)3%37 and density functional perturbation theory
(DFPT) 3839 to provide a comprehensive computational study of
oxynitride, oxyfluoride, and nitrofluoride perovskites. Our ob-
jectives are: (i) to provide a list of compositions that could be
likely experimentally synthesized in the perovskite phase, (ii) to
study their electronic structure, (iii) to study their optical and ex-
citonic properties, and (iv) to find their application in photocat-
alytic water splitting. To achieve this goal, we report calculations
for the theoretical electrocatalytic HER and OER overpotentials
using DFT.

2 Methodology

We have performed a systematic study to explore the struc-
tural, electronic and optical properties using DFT and beyond
approaches under the framework of MBPT. All calculations
are performed with Projector Augmented Wave (PAW) poten-
tials as implemented in Vienna ab initio simulation package
(VASP)40:41 Al the structures are optimized using general-
ized gradient approximation (GGA) as implemented in PBE*?
exchange-correlation (&) functional until the forces are smaller
than 0.001 eV/A. The I'-centered 2x2x2 k-mesh sampling is em-
ployed for optimization calculations (optimized structures are
shown in Fig. 1). The electronic self-consistency loop conver-
gence is set to 0.01 meV, and the kinetic energy cutoff is set to
600 eV for plane wave basis set expansion. To explore the elec-
tronic properties, hybrid & functional (HSE06) *344 is used. For
all the energy calculations 4x4x4 k-mesh has been used. The
phonon calculations are performed with 2x2x2 supercells using
the PHONOPY package*>46. Note that the surfaces (100 plane)
were constructed by cleaving the fully optimized bulk structure
with the lowest energy. Further, surface geometries are optimized
with a force convergence threshold of 0.001 eV/A. Reciprocal
space is sampled by 4x4x1 k-mesh for the (100) surface. A 20
A vacuum is added to avoid artificial interaction between peri-
odic images, and a dipole correction is included. The two-body
Tkatchenko-Scheffler vdW scheme has been used to account for
van der Waals interactions4”:*8. Note that the spin-orbit coupling
(SOCQ) is not taken into consideration because it has negligible af-
fect on the electronic structure of ABX,Y perovskites (see section
I of supplemental information (SI)).
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3 Results and Discussion

3.1 Crystal Structure

Here, we focus on the oxynitride, oxyfluoride, and nitrofluoride
perovskites i.e., ABX,Y (A = Ba, Ca, La, St, Ag, K, Cs, Pr, In ; B =
Nb, Ta, Zr, Ti, In, Pb, Mg, Sn; and X, Y = O, N, F) perovskites. We
have considered in total 18 perovskite structures, out of which 9
are ABO,N, 3 are ABN,O, 4 are ABO,F, 1 is ABF,0 and 1 is ABF,N
type of perovskite. The oxynitride perovskite of type ABO;N e.g.,
InSnO,N, crystallizes in a hexagonal cell and belongs to the polar
space group P63cm, as shown in Fig. 1(a). The optimized lat-
tice constants area = b = 6.16 A and ¢ = 12.26 A, which are
well in agreement with the previous findings'8. The perovskite
type ABN,O e.g., LaNbN,O, crystallizes in an orthorhombic cell
with lattice constants a = 5.78 A, b = 5.76 A and ¢ = 10.02 A
(see Fig. 1(b)). AgTiO,F oxyfluoride perovskite has tetragonal
cell edges, a = b = 5.48 A and ¢ = 7.45 A and belongs to the
space group I4/mcm as shown in Fig. 1(c). The system CsPbF,0
is an interesting perovskite because of the fact that the perovskite
CsPbl; is the parent inorganic compound with an orthorhombic
crystal structure. This perovskite has lattice constants a = 13.03
A, b =479 A and c= 6.68 A. Finally, LaMgF,N is the only ni-
trofluoride system we predict to have possibilities to be realized
experimentally with space group P12;/m1. The lattice constants
of this perovskite structure are a = 6.33 A, b = 3.69 A and ¢ =
8.25 A. Similarly, the lattice parameters of other perovskite struc-
tures are mentioned in SI (see section II of SI).

(d) CsPbF20

(e) LaMgF2N

Fig. 1 Optimized crystal structure of (a) InSnO,N, (b) LaNbN,O,
(c) AgTIO,F, (d) CsPbF,0, and (e) LaMgF,N. Images produced with
VESTA%.

3.2 Structural Stability
The stability of perovskites is often discussed based on the Gold-
schmidt tolerance factor>°

_ A + Tanion 1)
ﬁ(rB + Fanion)

where rp, rg and ry,jon are the ionic radii of the A and B cations,
and of the anion, respectively. A more recent study based on
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where np is the oxidation state of A cation. It has been reported
that for a large experimental dataset of perovskites, 0.825 < t <
1.08 gives a classification accuracy of 74%, while T < 4.18 has an
accuracy of 92%. Now, to use these formulae for mixed anions,
we need to decide the value of rypio, to be used. In line with
the suggestions provided, we decided to use the arithmetic aver-
age of the radii of two mixed anions, i.e., ranjon = 2rx+ry)/3.
However, it has been noted that using r,pion, the Goldschmidt tol-
erance factor fails to capture the stability trend of mixed anion
perovskites°2>3, For this purpose, the geometric mean has also
been used to approximate the radius of the mixed anions®4. Also,
more complicated factors like the octahedral factor and atomic
packing fraction have been proposed to understand the stability
of these perovskites>*°>. But in our case, for simplicity, we de-
cided to consider traditional t and .

Table 1 Stability parameters of ABX,Y perovskites.

ABX,Y t T
InSnO;N | 0.84 | 3.32
LaNbN,O | 0.84 | 3.74
LaTaN,O | 0.84 | 3.74
PrTaN,O | 0.87 | 2.56
AgTiOF | 0.90 | 3.81
BaInO,F | 0.89 | 4.20
CsPbO,F | 1.07 | 3.49

KTiO,F 0.98 | 3.52
LaMgF,N | 0.81 | 5.64

From Table 1, we find that the value of ¢ for all the selected per-
ovskites lies between 1.07 and 0.81, which is perfectly consistent
with the usual range reported for perovskites®!. Now concerning
7, we find that all selected perovskites have value 7 < 4.18 except
LaMgF,N. For other ABO,N perovskites also, we have calculated
the structural stability parameters mentioned in section III of SI.
In addition, to further analyze the dynamic stability, we have
plotted the phonon band structures for the optimized perovskite
structures. The phonon band structures calculated along the high-
symmetry points of the Brillouin zone for InSnO,N, LaNbN;O,
AgTiO,F, CsPbF,0, and LaMgF,N are shown in Fig. 2. Notably,
the absence of negative frequencies confirms the dynamic stabil-
ity of these perovskites. Similarly, we have analyzed the phonon
band structures of other ABX,Y perovskites in section IV of SI.

Note that we have also checked the structural stability of different
ABX,Y perovskites at a higher temperature using ab initio molec-
ular dynamics (AIMD). We have obtained the radial distribution
function g(r) at T = 0 Kand T = 300 K by a 6 ps long MD sim-
ulation run with NVT ensemble (Nose-Hoover thermostat) 6. We
observe that the nature of the radial distribution function for the
nearest neighbors remains the same at room temperature (see
section V of SI). This confirms the stability of these perovskites at
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Fig. 2 Phonon band structures of (a) InSnO;N, (b) LaNbN,O, (c)
AgTiO;F, (d) CsPbF,0, and (e) LaMgF;N.

operational temperature of 300 K.

3.3 Electronic Structure
We have plotted the electronic band structure and partial den-
sity of states (pDOS) for ABX,Y type of perovskites to better un-
derstand the role of A/B cations and X/Y anions near the va-
lence band maximum (VBM) and the conduction band minimum
(CBm). Fig. 3(a) shows the band structure of InSnO,N with
a direct band gap of 1.60 €V at I" using HSEQ6 & functional.
From Fig. 4(a), we can clearly observe that the valence states are
mainly composed of N and O with a small contribution coming
from Sn. While the conduction states have mostly N contribution.
Finally, we see very few states associated with In in the [-6, 6] eV
energy window, which is compatible with the interpretation that
the A atom is fully ionized in the perovskite structure.

The band structure of LaNbN,O is rather different from that of
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Fig. 3 Electronic band structures of (a) InSnO;N, (b) LaNbN,O, (c)
AgTiO,F, (d) CsPbF,0, and (e) LaMgF,N using HSEO06 &, functional.

InSnO,N. It has an indirect band gap of 2.04 eV with the bottom
of the CB at I" and the top of the VB at M (see Fig. 3(b)). The VB is
mainly contributed by N and O states, while the CB comprises of
Nb states. Also, the La states are found only in the VB, indicating
that this atom is ionized in this structure (see Fig. 4(b)). For the
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other cases of oxynitride perovskites, all the band structures and
PDOS plots are provided in section VI of SI.
From the AgTiO,F band structure (see Fig. 3(c)), we see that it
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Fig. 4 Partial density of states (pDOS) of (a) InSnO,N, (b) LaNbN,O, (c)
AgTiO,F, (d) CsPbF,0, and (e) LaMgF;N using HSEOQ6 & functional.

has a direct band gap of 2.32 €V. Also, from Fig. 4(c), we can
clearly observe that the VB states are mostly composed of Ag and
O states, while Ti states mostly contribute to the CB. The HSE06
band structure of CsPbF,0 is depicted in Fig. 3(d). The band gap
is 1.87 eV which is indirect, with the top of the valence and bot-
tom of the conduction band (at I') composed of hybridized F, O,
and Pb states. In this case, the separation of the VB into two man-
ifolds is incomplete, leading to some overlap between the two sets
of bands. The bottom of the CB, on the other hand, is separated
by more than 1 €V from the rest of the CB (see Fig. 4(d)). Sim-
ilarly, for the other oxyfluoride perovskites, we have plotted the
band structure and PDOS (see section VI of SI).

In case of nitrofluoride perovskite LaMgF,N, we have obtained a
large band gap of 3.31 eV. The highly dispersive bottom of the
CB is mainly constructed from La states, while top of the VB has
mostly N states with smaller La contribution (see Fig. 3(e) and
4(e)). In LaMgF;,N, we also see a clear splitting of the VB. How-
ever, due to a strong electronegativity difference of N and F, the
gap between the two manifolds is considerably larger than for the
oxyfluoride systems.

3.4 Optoelectronics and Dielectrics

In order to get an in-depth insight into the suitability of a par-
ticular material in optoelectronic applications, a detailed study
of its optical properties like dielectric function, refractive index,
extinction coefficient and absorption coefficient is indispensable.
The absorption coefficient (o) of a material is computed from the
frequency dependent dielectric constant using the following for-
mulae®’, where &, and €, are the real and imaginary terms of the
dielectric constant, respectively:
_dnk(w)

a=— 3
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where x(w) is the extinction coefficient, which is given by:

€3]

The absorption coefficient is one of the most essential properties
of a material in terms of its photovoltaic application as it depicts
key information regarding optimal solar energy conversion
efficiency. The typical « for direct semiconductors is of the order
1095859 The theoretical results show that all the perovskites
exhibit high absorption coefficients (see Fig. 5 ).

Further, photovoltaic applications require high charge carrier
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Fig. 5 Absorption coefficient of ABX,Y perovskites.

mobility to reduce nonradiative recombination losses and effi-
ciently transport the photogenerated carriers to the electrodes.
In order to estimate the carrier mobility, we have calculated the
effective mass of electrons and holes in ABX,Y perovskites from
their band structure obtained by using HSE06 & functional
(see Fig. 3 and section VI of SI). All the perovskites have light
electrons, with InSnO,N having m,= 0.15m,. However, the holes
are heavier, as is typical for most metal oxides, with InSnO,N
having a hole effective mass of m;,= 1.75m,, which is in well
agreement with the previous findings®. Similarly, BalnO,F
has m,= 0.41my and m;,= 0.97mg. In this case also, the hole
effective mass is higher than the electron effective mass. Here,
the low effective mass of the electrons in ABX,Y perovskites
can likely make them promising semiconductors. Also, we have
calculated the electronic and ionic dielectric constant of these
perovskites and found that they have a large dielectric constant
value (see Table 2), which are in well agreement with the
previous findings”:%9. To this point, the relevant properties for
solar energy conversion for some of the ABX,Y perovskites are
compiled and summarized in Table 2 and Table S3 of SI.



Table 2 DFT calculated properties of ABX,Y perovskites. Band gap (E,),
electronic dielectric constant (&), ionic dielectric constant (g,), effective
mass of electron (m¢) and hole (m}) in terms of the rest mass of electron
(mo).

ABX,Y E; (eV) Eoo & mg m;
InSnO,N 1.60 445 | 10.12 | 0.15 | 1.75
LaNbN,O 2.04 7.27 | 61.06 | 0.33 | 0.41
LaTaN,O 2.11 9.28 | 70.58 | 0.36 | 0.51
AgTiO,F 2.32 2.74 | 3995 | 0.82 | 1.68
BalnO,F 2.01 4.14 | 15.05 | 0.41 | 0.97
CsPbF,0 1.87 4.66 | 14.97 | 0.15 | 0.17

3.5 Photocatalytic Water Splitting

In a photocatalytic process, the perovskite material absorbs light
as a result an electron at the VB is transferred to the CB, and a
photogenerated e-h pair is produced. Subsequently, for the ox-
idation or reduction reaction, the photogenerated electrons and
holes transfer to the corresponding reaction sites. The photocat-
alytic reaction can be described by two half-reactions for the hy-
drogen evolution and water oxidation which are summarized as
follows:

2H" +2e” = H, (5)

2H,0+4h™ — 0, +4H" (6)

For the water splitting reaction, the CBm should be higher than
the reduction potential of H*/H, (Ey+ /H, = 444 eV at pH =
0.0). On the other hand, the VBM should be lower than the oxida-
tion potential of O,/H,0 (Eq, /1,0 = -5.67 €V at pH = 0.0). From
the above discussion, we conclude that in order to evaluate the
feasibility of photocatalytic water splitting, it is crucial to calcu-
late precisely the edge positions of the materials. The calculation
of the band edges using DFT is quite complicated and compu-
tationally expensive because the surface chemistry and interfacial
effects are considered in the process. Galli et al. have summarized
recent progress and open theoretical challenges present in simu-
lations®!. They use an appropriate method to treat the effect of
interface on the band edge position of the surface structure. How-
ever, it is still complex to predict the absolute energy positions of
CBm and VBM for the bulk structure.

Here, we have used a reliable empirical formula proposed by Xu
et al. %2 to calculate the absolute band edges of ABX,Y bulk per-
ovskites using the following equation:

1
Evem =% — 7 Eq @

Ecgm = Evem + Eg (8)

where Eypy and Ecgn represents the absolute potentials of VBM
and CBm. y is the electronegativity of the perovskite which can be
determined by the absolute electronegativities of the constituent
atoms as:

% (compound) = x& x5 x5... " ©))

where 1, x2, x3 and y, represent the electronegativities of the
constituent atoms; a, b, ¢ and m are the molar fractions of the

atoms. The electronegativity of the constituent atoms is calcu-
lated using the Mulliken electronegativity©3:

2= (I+A)/2 (10)

where I and A is the ionization energy and the electron affinity of
the atom, respectively.
Fig. 6 visually expresses the absolute energy positions of band
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Fig. 6 Band edge alignment of ABX,Y perovskites w.r.t. water redox
potential levels (H/H,, O,/H,0)

edges and the redox potentials of the water splitting reaction.
In case of AgTiO,F, the CBm is shifted downward by a large
amount, and hence, their reduction power is very low and could
not be utilized for hydrogen generation from water. For KTiO,F
and LaMgF,N cases, the band gap is very large thus not inducing
the visible-light response. In view of this, from the applicability
in photocatalytic water splitting, BaInO,F, CsPbO,F, LaNbN,O,
LaTaN,O and InSnO,;N are the most desirable ones. For other
oxynitride perovskites also, we have plotted the band edge align-
ment (see section VIII of SI). Now to better classify these per-
ovskites for different applications, we have discussed two appli-
cations in detail.

3.5.1 One-photon water splitting

The one-photon or overall water splitting process is schematized
in Fig. 7(a). In this process, a single photon creates an e-h pair.
Further, the electron and the hole reach two different regions of
the surface to avoid recombination, and evolve hydrogen and ox-
idize water, respectively. The criteria for a material to be used for
solar light capture that we have considered here are: (i) structural
stability, (ii) band gap in the visible light range, i.e., 1.5 < Eg <
3 eV, and (iii) band edges straddling with the oxygen and hydro-
gen evolution potentials i.e., VB > 1.23 eV and CB < 0 eV. From
Fig. 6, we have found various ABX,Y perovskites (e.g., BaInO,F,
CsPbO,F, LaNbN,O, InSnO,N, etc.) which are suitable for col-
lecting visible light and for the evolution of both hydrogen and
oxygen.

3.5.2 Transparent shield

Photocorrosion is one of the major problems related to the use of
materials for oxygen production. In order to overcome this issue,
it is required to develop a highly stable and transparent thin film
to cover the oxygen evolution photocatalyst as a protective shield
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Fig. 7 (a) Overall water splitting scheme, (b) Scheme of a tandem cell
with a transparent protecting shield on the oxygen evolution photocata-
lyst.

(see Fig. 7(b)). For this purpose, the material should have a large
band gap of, say, more than 3 eV. Fig. 7(b) illustrates a device
as a photoanode protecting transparent shield for a tandem cell.
Here, the electron with higher energy evolves hydrogen, while
the hole at lower energy moves through the transparent film and
evolves oxygen. The criteria for such material are: (i) a direct
band gap in the UV range in order to avoid absorbing a part of
the visible light spectrum, (ii) VB needs to be placed between the
edges of the photocatalyst and the potential of oxygen evolution
so that the hole reaches the reaction region with a small energy
loss i.e., 1.7 < VBggge < 2.8 €V. The same idea can be used to
develop a photocathode protecting shield®*. The only change is
the position of the CB i.e., -0.7 < CBegge < 0 €V. From Fig. 6,
we find that KTiO,F and LaMgF,;N can be used as a protective
transparent shield.

3.6 HER and OER mechanism
The HER reaction mechanism is schematized in Fig. 8(a). In HER
mechanism, the reaction steps follow: (i) adsorption of H, (ii)
hydrogen reduction and (iii) desorption as H, 65 The Gibbs free
energy of hydrogen reaction (AGy) is a reasonable descriptor for
HER reaction. In order to calculate the Gibbs free energy changes
(AG) of the intermediates in HER, the following expression is
used:

AGy = AEy + AEzpg — TASy 1y

where,
AEy = Etotal - Esurface - 1/ZEHZ (12)

In the above mentioned equations, AEy is the hydrogen binding
energy on the perovskite surface, E,y, is the total energy for the
adsorption state, Egface is the energy of the pure surface, Ey, is
the energy of hydrogen molecule, AEzpg is the change in zero-
point energy and ASy is the difference in entropy. At 298 K,
AEzpg — TASy = 0.25 €V is well established in literature®®. The
HER diagram along the reaction pathway H* +e~ — H* — 1/2H,
is shown in Fig. 8(c). Under the conditions of pH = 0 and a stan-
dard hydrogen electrode (SHE) potential of 0 V, H" + e~ is equiv-
alent to 1/2H,. From the above discussion, we found BalnO,F,
InSnO;,N, CsPbO,F and LaNbN,O as probable photocatalysts.

Similarly, the OER mechanism involves four proton-coupled elec-
tron transfer steps on metal ion centers with OH, O, and OOH re-
action intermediates, where x indicates the active metal site (see
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Fig. 8 (a) HER steps, (b) OER steps, (c) HER free energy diagram,
and (d) OER free energy diagram for ABX,Y perovskites at an electrode
potential Esyp=0 V and pH=0.

Fig. 8(b)):
*4+H,0 - *OH+H' +e” (13)
*OH — *O+H" +e” (14)
*O+H,0 — *O0OH+H' +e” (15)
*OOH —* 40, +H" +e~ (16)

It has already been reported that for ABO; perovskites, mostly
the B site is considered as the active site for OER reaction steps.
Hence, in the case of ABX,Y perovskites, we have considered the
B site as the active site®7:%8, Now, a computational analysis of
the OER is often simplified by only considering the *OH,*O, and
*OOH reaction intermediates appearing in the electrochemical
steps, as shown in equations 13- 16%9-72,
Following this, we have estimated the catalytic activity of a spe-
cific reaction site by the largest electrochemical step in the OER
free energy profile

AGOER — max[AG)] (17)

where AG; is the change in free energy of the electrochemical OER
step. Then, we derive the thermodynamic overpotential as

nOFR — AGOER /e —1.23v (18)

where 1.23 V is the equilibrium potential’3. Now, the reaction
steps (AG;) are calculated from differences in the adsorption en-
ergies of the various intermediates as given by:

AG; = Goral — Gsurface — ”GHZO - mGHz (19)

where n and m are the stoichiometry coefficients that preserve the
number of atoms on both sides of the respective reaction. Here,
we have calculated the adsorption energies under standard con-
ditions (pH = 0, T= 298 K) and U = 0 V using the computational
hydrogen electrode, as the theoretical overpotential does not de-
pend on the pH or the potential’47>. In this case, the energy of
a proton and an electron equals half the energy of a hydrogen
molecule. Fig. 8(d) shows the free energy profile for each ele-
mentary step of OER and we have found that for each case, the



overall potential is determined by AG, step (for details see section
IX of SI). From the above results, we obtain BaInO,F, InSnO,N,
CsPbO,F and LaNbN,O as probable photocatalysts for OER.

4 Conclusion

In summary, from our extensive computational study of struc-
tural, electronic, optical and photocatalytic properties of quater-
nary oxynitride, oxyfluoride, and nitrofluoride perovskites, we
propose them as utmost prospective candidates for the efficient
absorption and conversion of solar energy into storable fuel. Ini-
tially, using different tolerance factor and phonopy calculations,
we have checked the structural and dynamical stability, respec-
tively. After that, from the band structure and pDOS calculations,
we have found that the varying electronegativity factor affects
the electronic properties. Further, the optoelectronic and dielec-
tric calculations reveal that these perovskites will enable several
promising applications in solar energy harvesting through effi-
cient solar cells and visible light optoelectronics. The results show
that BaInO,F, CsPbO,F, LaNbN, 0O, and InSnO;N have appropriate
band edges for the overall water splitting. However, KTiO,F and
LaMgF,N can be used as a protective transparent shield. Follow-
ing this, we have calculated the theoretical overpotentials for HER
and OER. Low calculated overpotentials for HER and OER suggest
that certain materials may merit further study as candidates for
good photocatalysts. The detailed theoretical investigation pre-
sented in this work will surely help future studies to improve the
stability, engineer the band gap of perovskite absorbers and good
photocatalysts for water splitting.
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I. Band structure plot with HSE06 and HSE06+4SOC &,

functional
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Figure S1: Band structure of ABX,Y perovskites using HSE06 and HSE064+SOC &, func-
tional.
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II. Optimized lattice parameters of ABX,Y perovskites

Table S1: Lattice parameters of ABX,Y perovskites.

ABX,Y [a(A)|b (A)]c (A)
BaNbO,N | 591 | 5.96 | 10.24
BaTaO,N | 5.88 | 588 | 7.17
CaNbO,N | 5.61 | 567 | 9.95
CaTaO,N | 5.62 | 565 | 9.73
LaTiO,N | 5.61 | 5.64 | 9.68
LaZrO,N | 5.89 | 5.89 [ 10.25
StNbO,N | 5.79 | 581 | 10.02
SrTaO,N | 5.76 | 576 | 7.01
LaTaN,O | 5.74 | 575 | 9.93
BalnO,F | 6.10 | 6.10 | 7.49
KTiO,F | 648 | 3.77 | 8.23
CsPbO,F | 4.64 | 19.76 | 4.48
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IT1. Stability parameters (¢ and 7) of ABO;N perovskites

Table S2: Stability parameters of ABO,;N perovskites.

ABX,Y t T

BaNbO,N | 0.95 | 3.54
BaTaO,;N | 0.95 | 3.54
CaNbOyN | 0.83 | 5.34
CaTaO,N | 0.83 | 5.34
LaTiO;N | 0.86 | 3.13
LaZrOsN | 0.81 | 5.70
STNbO,N | 0.89 | 4.07
SrTaO,N | 0.89 | 4.07
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IV. Phonon band structure
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Figure S2: Phonon band structure of ABX,Y perovskites.

S6



101

lat

V. Radial distribution plot at 0 K and 300 K using MD
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V1. Electronic band structure and PDOS using HSE06

£xc functional
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Figure S4: Band structure of (a) BalnOyF, (b) CsPbOyF, (¢) KTiOsF, (d) LaTaN2O and

(e) PrTaN,O perovskites using HSE06 ¢, functional.
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perovskites using HSE06 ¢, functional.
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VI1I. DFT calculated properties of ABX,Y perovskites

Table S3: DFT calculated properties of ABX,Y perovskites. Band gap (E,),
electronic dielectric constant (¢4), ionic dielectric constant (¢,.), effective mass
of electron (m}) and hole (m;) in terms of the rest mass of electron (my).

ABX,Y | E, (eV) ]| ¢ | & | m. | m]
BaNbO,N | 1.70 | 6.88 | 34.59 | 0.55 | 0.39
BaTaO,N | 146 | 7.07 | 54.89 | 0.79 | 1.27
CaNbO,N | 1.94 | 6.68 | 27.25 | 0.70 | 1.21
CaTaO,N | 200 |6.42] 3231|049 0.87
LaTiO,N | 1.64 | 875 | 6256 | 0.72 | 1.00
LaZrO,N |  2.65 | 6.47 | 56.44 | 0.63 | 0.77
SINbO,N | 1.66 | 7.08 | 40.86 | 0.61 | 2.24
SrTaO,N | 1.72 | 6.77 | 43.46 | 0.99 | 0.60

S10



VIII. Band edge alignment of ABO>N perovskites
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Figure S6: Band edge alignment of ABOy;N perovskites w.r.t. water redox potential levels
(H*/Hz, O2/H50).
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IX. Theoretical overpotential value for OER mechanism

Table S4: Calculated value of overpotential of ABX,Y perovskites.

ABX,Y | n9ER (V)
InSnO,N 1.91
LaNbN,O 0.92
BalnO,F 0.71
CsPbOyF 1.58
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