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Here, we report detailed first-principles calculations of the structural stability, optoelectronic proper-
ties, and interaction with water for a wide range of mixed-halide compositions of vacancy-ordered double
perovskites Cs;Pt(CLI;_,)s. Our calculations reveal that lower halide dopant levels subdue phase segre-
gation and enhance the stability. Cs,Pt(Cl,I;_,)¢ demonstrate improved defect tolerance as compared to
Cs,Ptlg due to the covalent nature of the Pt—X bond. The chloride-rich Cs,Pt(Cl,I;_,)¢ exhibit notably
improved stability against reaction with water, far surpassing Cs,Ptls due to the enhanced Cs—Cl bond
strength and lower charge transfer between adsorbed H,O and surface Cs atoms. The spectroscopic limited
maximum photovoltaic efficiency for the optimal composition of Cs,Pt(Cly 0419.96)s under 1 sun AM1.5G
is determined to be 24% for a 5-pum-thick film. Our calculations also suggest that the valence-band edge
of this material might be positioned more positive than the standard potential of the oxygen-evolution
reaction. These two factors combined with the high stability against reaction with water indicate that
CsyPt(Cly 0410.96)¢ might be of considerable interest as a photovoltaic absorber, and possibly as a com-
ponent of anodes for the photoelectrocatalytic water oxidation. Meanwhile, Cs,Pt(Cly.g6l0.04)6 traverses
relevant reduction and oxidation redox potentials, affirming it as a promising candidate for the overall

photo(electro)catalyst water-splitting reaction.
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I. INTRODUCTION

Amongst the currently available renewable energy
sources, solar irradiation is the most abundant on Earth.
This has led to the rapid adoption of photovoltaics (PV)
over the past decade, with silicon PVs dominating the mar-
ket. To achieve cheaper, higher efficiency and/or lower
embedded energy devices, alternative PV technologies are
being actively developed, with the lead halide perovskite
(LHP) solar cells emerging as one of the most exciting
prospects [1,2]. While presenting a uniquely favorable
combination of optoelectronic properties, LHPs are also
subject to several well-established limitations, including
toxicity of Pb>™ and limited stability in operation due to
phase segregation and high susceptibility to moisture [3].
These challenges have been addressed to a certain extent
through exploration of different variants of lead-free per-
ovskites that can exhibit the defect tolerance of LHPs
and high stability, for example, quasi-0D vacancy-ordered
double perovskites (VODP) A,BXg. The higher oxidation

*Corresponding author. aftab@jiitb.ac.in

2331-7019/24/21(4)/044031(15)

044031-1

state of the B cation in this class of compounds, e.g., Sn**
in Cs;Snlg, prevents material degradation and thereby
imparts enhanced stability to the VODPs as compared to
its their three-dimensional (3D) counterparts, e.g. CsSnls,
in which the Sn*" is prone to oxidation [4].

Hitherto, the A,BXs compounds have predominantly
been studied for applications in optoelectronic devices
like light-emitting diodes, thermoelectric, scintillators, and
high-resolution y spectrometers on account of their high
photoluminescence quantum yields (PLQY), [5—8] as well
as promising moisture and thermal stability [9—15]. In
the context of the PV applications, several iodine- and
bromine-based VODP have been investigated, including
experimental studies on Cs,SnlyBr,, [16] Cs,TiBrg, [17]
CsySnlg [18], and Cs,Ptlg [19]. The latter particularly
holds a prominent position on account of its promising
photoconversion efficiency (PCE) (ca. 14%), which is
the highest amongst the double perovskite family [19].
To uphold these experimental observations, a theoreti-
cal study by Walkons et al. [20] concluded that Cs,Ptlg
can be seen as a potential alternative to Pb-free per-
ovskites owing to its suitable band gap, high charge-carrier
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mobility, high open-circuit voltage (¥,.), and short-circuit
current-density (Js.) values, as well as high PCE values
as compared to other perovskite materials [20]. Moreover,
Cs,Ptl¢ is reported as a suitable photoanode for photoelec-
trochemical (PEC) water oxidation with photocurrent of
0.8 mAcm ™2 at 1.23 V [versus RHE (reversible hydrogen
electrode)] under simulated AM1.5G sunlight [21]. Within
a BiVO,/Cs;,Ptls [22] heterojunction, an enhanced pho-
tocurrent of 0.92 mAcm > was achieved and could reach
2 mAcm ™2 upon insertion of a IrO, cocatalyst. Coupled
with an optimal band-gap value (1.25 eV [21], 1.37 eV
[23], and 1.4 eV [19]), high absorption coefficient, and
appreciable PCE photocurrent, the Cs,Ptly VODP com-
pound exhibits better stability compared to other LHPs
and lead-free perovskites upon exposure to ambient condi-
tions [21,23]. Nevertheless, operational instability under-
pinned by phase segregation and high-moisture suscep-
tibility persist. The later limitation to some extent has
been addressed by the A,BClg [9,24] class of perovskites,
by virtue of the chloride anions arguably playing a sig-
nificant role to in enhancing moisture stability. Although
the A,BClg-based photovoltaics have not yet been exten-
sively studied, the B-cation-doped chloride compounds
[9,10,12,15,24-27] have been experimentally reported as
luminescent materials with excellent moisture stability and
also within light-conversion materials depicting excellent
moisture stability.

Lately, the defect intolerance feature of A;BXg sys-
tems has come forth in view of the interpretations led by
Maughan et al. [28]. The defect tolerance versus intoler-
ance is attributed to the degree of covalency of the B—X
bond. For instance, the Te—I bond is more covalent than
the Sn—I bond, hence increased covalency of the Te—I
bond results in higher enthalpies of defect formation in
Cs,Telg as compared to Cs; Snlg, rendering the Cs, Telg to
be defect intolerant. As compared to Cs,Snlg and Cs; Telg,
the Pt—I bond in the Cs,Ptl¢ system is indeed more cova-
lent, suggesting that it might be defect intolerant. However,
the Pt—Cl bond in Cs,PtClg is substantially less cova-
lent than in Cs;,Ptls and Cs,Telg, and is comparable to the
characteristics of the Sm—I bond in Cs,;Snlg. The decrease
in covalency of the Pt—Cl bond is predominantly dic-
tated by the electronegativity difference between Pt and
halide, which is also evident in the case of Cs,Snlg and
Cs,SnClg. The defect concentration of Cs;Ptlg is reported
to be approximately 2.5 x 10'2 cm™ [29] as compared
to other VODPs like Cs,;Snls, Cs,SnClg, which exhibit
much larger defect densities (in the range approximately
10"¥-10%' cm~3). As such, the extent of defect tolerance
of the Cs,Ptlg and Cs,PtClg compounds as compared to
other VODP or MAPbI; /FAPDI; falls in a different ball
park. Also Pt cation, in general, is experimentally reported
to substantially increase the charge-carrier lifetime in com-
parison to Sn cations, which indicates that Pt helps in
suppressing defects [30]. A device study simulation of both

the compounds suggests that even at moderate defect den-
sity levels of around 10!” cm~3, Cs,Ptls [31] performs far
better with 23.5% PCE; whereas Cs,Snlg with 10! cm™3
defect densities [32] exhibits only 2.2% PCE. Hence, con-
sidering that both Cs,Ptls and Cs,PtClg have significantly
lower defect densities as compared to other state-of-the-
art materials, we expect the covalency to get stronger as
we move from Cs,Ptly to Cs,PtCls. The defect transi-
tion energy level will vary accordingly, making Cs,PtClg
relatively more defect tolerant than Cs;Ptls.

Furthermore, Cs;Ptls does in fact exhibit good transport
properties, as can be concluded through the comparisons of
the calculated effective carrier masses (m, and my,) against
the well-studied Cs,Snlg. In the latter case, the values
are around 0.48m, and 1.32m,, which are highly com-
parable to 0.51m, and 1.45m, for Cs,Ptls [33]. CsyPtClg
has flatter valence bands as compared to Cs,Ptls, which
is expected to diminish the transport properties to some
extent.

Thus, recognizing the limitations and advantages of both
Cs,Ptlg (including lower defect tolerance and good trans-
port properties) and Cs,PtClg (including high defect toler-
ance and suppressed transport), our work aims to explore
if these can be addressed through mixing of halides in
an optimal manner. Besides, the coalescence of Cs,Ptlg
having excellent PCE and distinctly stable Cs,;PtClg expe-
dites a potential approach towards emerging lead-free per-
ovskites with improved moisture stability. Previous reports
on the effects of introduction of CI™ into VODPs [34,35]
for enhancing stability and inhibiting defects have majorly
focused on high concentrations of chloride, ranging from
25 at. % to 75 at. %, which hampers the optical perfor-
mance. The latter limitation might be overcome at lower
levels of CI™ doping in VODPs, which are yet to be
explored.

Herein, we have undertaken a computational study of
the Cs,Pt(Cl,I;_,)¢ system to explore the effects of halide
anion mixing (in a full x range from 0 to 100 at. %)
on the properties of this promising class of materials.
The apparent fragility of the perovskite family, especially
mixed-halide perovskites is the phase segregation, which
arises on account of halide ion migration. This demixing
of the halides into separate phases triggers the opera-
tional instability. One of the models unravelling the origin
of halide migration is based on thermodynamic stabi-
lization. Under thermodynamic equilibrium assumption,
the detailed thermodynamical phase-diagram analysis to
some extent assists in predicting a range of chloride con-
centrations that can lead to either phase segregation or
homogeneous distribution of halide anions when Cl™ is
doped and alloyed in Cs;Ptls. The thermodynamic chem-
ical stability, optoelectronic properties, charge dispropor-
tion, and the moisture stability are scrutinised for the
identified homogeneously mixed compounds. Based on
these insights, we propose a composition that presents an
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optimal combination of the key characteristics for photo-
voltaic and photo(electro)catalytic applications.

II. COMPUTATIONAL DETAILS

Ab initio calculations were performed using the
projector-augmented wave (PAW) method within the den-
sity functional theory (DFT) as implemented in the Vienna
ab initio simulation package (VASP) [36]. The plane-wave
cut-off energy was set to 520 eV. For the exchange-
correlational term, SCAN meta-GGA functional was used
for all the electronic structure and surface calculations.
PAW potentials Cs(5s*5p°6s'), Pt(6s'5d°), 1(5s*5p°), and
Cl(35s%3p?) were used for all calculations.

For all pristine and mixed-halide systems with 2 at.
% < x < 98 at. %, a conventional unit cell consisting
of 36 atoms was used. For mixed-halide systems with
x =2 and 98 at. %, a 2 x 2 x 2 supercell was employed.
Ionic relaxation was performed using the conjugate gradi-
ent algorithm. The atomic positions were optimized until
residual forces on each atom were less than 0.001 eV 10%_1,
while the tolerance value for energy optimization was
kept as 107° eV. For optical and electronic calculations,
a [-centred k-point mesh with density of 27 x 0.01 A~
was selected to sample the Brillouin zone (BZ) using the
tetrahedron method. Effective band structures of the par-
ent and I/Cl mixed conventional unit cells unfolded onto
the primitive cell were evaluated using the BandUp code
[37,38].

The optical properties for all the systems were simu-
lated by including explicit electron—hole interactions solv-
ing the Bethe-Salpeter equation (BSE) [39,40] on top of
single-shot GW calculations (GoWy+BSE method). Addi-
tional details on Gy Wy+BSE calculations are provided in
the Supplemental Material [41]; also see Refs. [19,21,23,
42-46]. The optical transition probabilities were calcu-
lated from the dipole-dipole transition matrix elements.
An improved version over Shockley-Queisser (SQ) effi-
ciency limit called spectroscopic limited maximum effi-
ciency (SLME), as proposed by Yu and Zunger [47], was
calculated as a figure of merit to evaluate photovoltaic per-
formance. The chemical phase diagrams for all the pristine
and mixed-halide systems were plotted using the Chesta
code [48] by calculating the formation energies of the
target compound and its corresponding secondary phases.

The surfaces of Cs,Ptlg and Cs,PtCls were simulated
using a slab model, with a vacuum of 15 A. A4 x 4 x 1 k
mesh was used for the BZ integration of all surface slabs.
For all surface-related calculations involving bare surfaces
as well as surface/H,O interfaces, van der Waals correc-
tion was taken into consideration. Further surface calcu-
lation details are included in the Supplemental Material
[41]. Bader charge analysis for bulk and surface slabs was
performed using Bader code [49] from the Henkelman’s
Group. The electrostatic potential of the (111) surface was

calculated to obtain external vacuum level, which was used
as a reference level for the band energy-level calculations
and Cs 1s level was selected as the representative core
level. The absolute valence (VBM) and conduction-band
maximum (CBM) energy levels (Evgym and Ecpy) were
calculated using the following formulae:

Evpm = 65]§M - [Eglsmis + Eéusr_fls] - Vvacuuma (1)
where €55, and €85, are the Kohn-Sham (KS) eigenval-
ues corresponding to VBM and CBM levels in the bulk
phase, EQ and B are the average Cs ls core-level
energies in the bulk and innermost layers of the sur-
face slab, respectively, and Vy,cuum 1S the vacuum energy
estimated from the planar average electrostatic potential
calculations.

I11. RESULTS AND DISCUSSION
A. Stability of pristine and mixed-halide systems

The pristine vacancy-ordered double perovskites Cs;
PtClg and Cs,Ptlg crystallize as face-centred cubic struc-
tures with a space group Fm3m (225) [19,21,42,50].
Figure 1 shows a conventional cubic unit cell of pristine
(left) and mixed-halide (right) VODPs, where Cs atoms
reside at 8c¢(1/4, 1/4, 1/4), Pt atoms at 4a(0, 0, 0), and
halide anions at 24e(x, 0, 0) Wyckoff sites. The corre-
sponding optimized lattice parameters for both pristine and
mixed-halide systems are presented in Table S1 within the
Supplemental Material [41]. The relaxed lattice constants
(11.77 A for Cs,Ptlg and 10.57 A for Cs,PtClg) calculated
herein are in a good agreement with previous experimen-
tal (11.37 A for Cs,Ptls [43] and 10.19 A for Cs,PtClg
[42]) and theoretical studies (11.77 A for Cs,Ptlg and 10.62
A for Cs,PtClg) [44]. As expected, the lattice parameter
decreases with increasing the concentration of chlorine in
CsyPt(Cl Iy ).

The structural stability of the materials was assessed
using Goldschmidt’s tolerance factor:

Res +xRe + (1 —x)R;

T = , 2
V2(Rpy + xRy + (1 — X)Ry)
(b)
° « o
° Cs
O Pt
o © O X
© cy

FIG. 1. Crystal structure of (a) pristine Cs,PtCls/Cs,Ptlg, and
(b) mixed-halide Cs,Pt(Cl,I;_,)¢ perovskites.
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where Rcs, Rp, Rci, and Ry are the ionic radii of Cs™ (1.67
A), Pt** (0.62 A), C1~ (1.81 A), and I~ (2.2 A), respec-
tively. All Cs,Pt(Cl,I;_,)¢ compounds examined herein
exhibit tolerance factors close to 1 (r = 0.97—-1.01 range),
indicating the highly symmetrical and stable cubic struc-
ture (Table S13 within the Supplemental Material [41]).
Goldschmidt’s criterion is purely geometric and often
omits the chemistry (electronegativity, charge, etc.) medi-
ated stability of the compound under consideration. In
order to check the said stability, we have simulated the
thermodynamical phase diagrams of all Cs,Pt(Cl,I;_,)s
systems examined herein.

To investigate the thermodynamic stability and range of
chemical potentials favorable for the formation of the tar-
get compounds, the formation energy of Cs,Pt(Cl I;_y)s
and all corresponding secondary phases were simulated
using the GGA-PBE functional [51]. This approach
enables prediction of the chemical environment and con-
ditions necessary for the synthesis of a multicompo-
nent material. The extent of the stability region within
the chemical potential space determines the possibility
of the formation of the target system, relative to the
formation of simpler, secondary phases. All the pos-
sible competing secondary phases are obtained from
the ICSD material database [52]. They are as fol-
lows: Csylg, Csl;, Csl, CssI, Cs,Pt, Cs;Pt, Ptl,, Ptls,
Ptly, Ptylg, Pt3lg, Cs,PtCly, CsCl, ICI, ICl;, CsICl,,
PtCl;, PtCly and PtCl,. The constraint equations for
each of the target phases Cs,Ptls, CsyPt(Clgo210.98)s,
Cs2Pt(Clo.oalo.96)s, Cs2Pt(Clooglo.02)s, Cs2Pt(Clo.1210.88)65
CsyPt(Cloaslos)s,  CsaPt(Closlos)s, CsaPt(Clo.7s10.25)s,
Cs,Pt(Clysglo.12)6, Cs2Pt(Clo.g21o.08)s, Cs2Pt(Clo.os10.04)s,
CsyPt(Clgoglo2)s, CspPtClg and competing secondary
phases are plotted in their respective chemical phase dia-
grams shown in Fig. 2. The extent of the stability region
varies with Cl concentrations (x). Higher stability was
expectedly found for Cs,PtClg and Cs,Ptlg materials, as
well as for a range of mixed-halide Cs,Pt(Cl.I;_y)¢ per-
ovskites with x < 12 at. % and x > 92 at. % [see
Figs. 2(a)-2(i)]. However, compositions with x = 25, 50,
75, 88 at. % exhibited very limited regions of stability
and were predicted to preferably co-exist with other sec-
ondary phases [see Figs. 2(j)}-2(m)]. Extended discussions
of the thermodynamic chemical stability [46] are provided
in Sec. S2 within the Supplemental Material [41]. Table S4
within the Supplemental Material [41] gives the range
of chemical potentials required to synthesize each of the
target systems in a single phase.

A similar stability trend is also observed experimen-
tally in another compound belonging to the same class,
i.e., Cs,Sn(I,Cly_, )¢, reported by Zhu et al., where only
2.15%, 3.17%, 3.67%, 4%, 8%, 15%, and 86% I-mixed
Cs,SnClg were found to be experimentally stable [53]. A
peculiar limitation to the incorporation of iodine replacing
chlorine atoms was highlighted. Multiple phase formation

in the mixed-halide system was reported at intermedi-
ate iodine concentrations. This limitation can intuitively
be attributed to the difference in the ionic radii of halo-
gens, i.e., CI” (1.81 A) <Br~ (1.96 A) < I~ (2.2 A).
This indicates that incorporation of the Br™ in Cs,Snlg
is relatively easier as compared to CI~ atom. However,
it is worthwhile to emphasize that the chemical phase-
stability calculations are performed under thermodynamic
equilibrium. It is expected that due to the effect of higher
temperature, entropic term 7Ayix () increases leading to a
higher thermodynamic stability of the mixed-phase com-
position. Hence, there is indeed a likelihood for the for-
mation of Cs,Pt(ClI;_,)¢ (Where, x = 25, 50, 75, 88 at.
%) in a ordered state or possibly disordered state due to
the configurational disorder arising out of halide mixing;
this is further discussed using free enthalpy of mixing
in Sec. B. Nevertheless, our further study on optoelec-
tronic and stability against reaction with water in this paper
will be focused on Cs,Pt(ClI;_y)¢ (Where, x =2, 4, 8,
12, 92, 96, 98 at. %). This is done mainly to promote
competent systems amongst these as promising photo-
voltaic absorbers and photocatalysts exhibiting enhanced
stability.

B. Electronic structure and Gibbs free energy

Experimental band gaps reported for Cs,PtXs (X = Cl,
Br, I) have been controversial. Table I shows the exper-
imental and our calculated band-gap values simulated at
different exchange correlation functional levels. The exper-
imental band gap of Cs;Ptlg is reported to be 1.25 eV
[21], 1.37 eV [23], and 1.4 eV [19] depending on the syn-
thesis processes and the corresponding samples. Whereas,
Cs,PtClg shows an even larger difference in the experi-
mentally reported band gaps (2.16 eV by Hamdan et al.
[42] and 2.90 eV by Wu et al. [45]). As evident, our sim-
ulated band-gap values do not corroborate well with the
experimental reports. The inconsistency is more signifi-
cant in Cs,PtClg where the HSE06 band gap is 3.44 eV
(also consistent with other DFT work [54]). In contrast,
the HSEO06 band gap of Cs,Ptls, 1.44 eV (also consistent
with other DFT reports [54,55]), is comparatively closer
to experimental values. Keeping in mind the said dis-
crepancy between theoretical and experimental band-gap
values, it is imperative to select an appropriate exchange
correlation functional, which can yield the experimental
band gap of both the systems within a reasonable range.
This is more useful for a reliable theoretical prediction of
band-gap values for the mixed systems Cs,Pt(ClL.I;_y)s,
where no experimental reports are available. Although, the
PBE functional predicts the band gap of Cs,PtCls close
to one of the experiments [42], the Cs,Ptls band gap is
highly underestimated. In contrast, though the standard
HSEO06 functional severely overestimates Cs,PtClg band-
gap value, the HSEO06 band gap of Cs,Ptl¢ lies within a
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(a) Cs,Ptlg (b) Cs,Pt(Cly g,l0.98)6 (€) Cs,Pt(Clyoalo.96)6
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(j) Cs,Pt(Clg 5l0.75)6 (k) Cs,Pt(Clyslos)e (1) Cs,Pt(Clys5lo5)s (m) Cs,Pt(Clygglo.12)e

) h
W W

FIG. 2. (a)«(i) Chemical phase diagrams of pristine and mixed-halide systems, which are stable in single phase, (a) Cs,Ptls,
(b) Cs2Pt(Clo.0210.98)s, () Cs2Pt(Clo.0410.96)s (d) Cs2Pt(Clo.0810.92)s, (€) Cs2Pt(Clo 1210886, () C82Pt(Clo.9210.08)6, (8) Cs2Pt(Clo.o610.04)6>
(h) Cs,Pt(Clgoglp.02)s, and (i) Cs,PtClg. The grey shaded region represents the stability region of target system. (j) Cs;Pt(Clg2510.75)s,
(k) CsyPt(ClysIp5)s, (1) CsaPt(Cly7510.25)6, (M) CspPt(Clygslo 12)s. The grey shaded region in these four diagrams are the projected
phase diagrams showing co-existence of target phases with other secondary phases (i.e., multiple phase formation).
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TABLE I. Calculated band gap of Cs,Ptls and Cs,PtClg using different exchange correlation functionals. Experimental values are
given for comparison.

PBE+SOC HSE+SOC SCAN+SOC
System PBE (eV) eV) HSE (eV) (V) SCAN (eV) (eV) Experiment (e V)
Cs,Ptlg 0.68 0.55 1.44 1.30 0.94 0.93 1.25[21], 1.37 [23], 1.40 [19]
Cs,PtClg 2.1 1.83 3.44 3.28 2.40 2.37 2.16 [42], 2.90 [45]

reasonable range as compared to available experimental
data. The inclusion of spin-orbit coupling (SOC) effects as
well cannot resolve the band-gap deviation with respect to
experimental values (see Table I).

The meta-GGA SCAN (strongly constrained and appro-
priately normed) functional is known to accurately capture
different types of bonding, as well as van der Waals inter-
actions with a much lower computational cost and no
empirical parameters, unlike the HSE06 functional [56].
In order to capture a reliable trend of band gap versus
halide-mixing composition, we opt for the SCAN func-
tional, which is expected to perform better in addressing
the chemical bonding, which are crucial in stabilizing
the mixed-halide compounds. We found that the over-
all relative trend of band gap remains almost similar
irrespective of the type of functional used, except their
magnitude.

Using the meta-GGA SCAN functional, we ascertain
that Cs,Ptlg exhibits an indirect band gap from I' to X,
whereas Cs,PtCls shows a direct band gap at the I' point
as observed from the unfolded (effective) band structure
shown in Fig. 3(iii) (right panel). Experimentally, Cs,Ptlg
[19,21] is confirmed to be an indirect band-gap semicon-
ductor, which is consistent with our findings. The meta-
GGA SCAN band gap for Cs,Ptlg is 0.93 eV, which is
underestimated, while that of Cs,PtCls (2.4 eV) lies in
an acceptable range with respect to the experimentally
reported range of band-gap values. The CBM is mainly
derived from the antibonding states of Pt-5d-e, and I-
5p/Cl-3p orbitals. The VBM of Cs;,Ptls consists of the
nonbonding [-5p orbitals, while the VBM of Cs,PtClg
shows hybridization between Pt-5d-1,, and CI-3p orbitals.
As expected, the d orbital of Pt splits into twofold degen-
erate e, states and threefold degenerate #,, states. The
Pt-5d-e, states contribute to the CBM hybridizing with
I-5p states, whereas the Pt-5d-1,, states are situated near
the VBM. Projected density of states (PDOS) [Figs. 3(a-
it), 3(b-ii)] for both the systems indicate a similar nature
of Pt and halide states, which are spread around the same
energy range, whereas the Cs states are localized. Cs*
and PtXéi octahedral complex acquire ionic interaction.
Though Cs cations do not contribute much to the valence
band, with its 6s electrons being donated to Pt—X hybrid
orbitals, leaving the Cs 6s states empty in the valence
band. Unlike many Cl-based VODPs, e.g., Cs;SnClg,
which has a higher band-gap value of 3.5 eV, few VODPs

show reduced band-gap values, viz., Cs,PdClg, Cs,PbClg,
Cs,GeClg, CsyPtClg. CsyPtClg also belongs to the latter
with a reduced band gap. Based on our theoretical results,
this reduction is attributed to the band-edge orbital con-
tributions. The simulated PDOS of Cs,PtClg in Fig. S1
within the Supplemental Material [41] shows slight pres-
ence of Pt-5s near the band edge levels leading to s-orbital
overlapping, which is not evident in the PDOS of Cs;Ptl.
The rise of Pt-5s orbitals at the VBM leads to larger over-
lap, thus reducing the band gap of Cs,PtCls to 2.4 eV in
comparison to other Cl-based compounds exhibiting band
gap > 3.5 eV. The splitting of the Pt-5d orbital into Pt-
5d-e; at CBM and Pt-5d-t,, at VBM indicates that the
band gap is dictated by the intra-atomic d-d transitions
for Cs,PtClg. This is in contrast to Cs,Ptlg, for which the
band gap arises purely from I-5p and Pt-5d-e, orbitals.
Additionally, chemical bonding analysis of Cs,PtCls and
Cs,SnClg suggests how the Pt—X bonding nature can
affect the magnitude of band gap. As reported in previ-
ous studies, the B—X bond in perovskite systems is best
described as an iono-covalent bond [57]. Along the same
lines, as seen from deformation density difference maps
and contour maps of Cs;Ptlg, Cs,PtClg, and Cs, SnClg (see
Fig. S3 within the Supplemental Material [41]), the ionic
character in Sn—CIl bonds of Cs; SnClg is higher. While the
Pt—Cl bond in Cs,PtClg is more covalent in nature. The
strong covalent nature is often responsible for the reduc-
tion in band gap. Instinctively, partial replacement of I by
Cl is expected to raise the band gap due to the increase of
electronegativity difference between B-site element (xp; =
2.28) and halide ions (x; =2.66 and xc; = 3.16). The
smaller the electronegativity difference, the stronger is the
Pt—X covalent bonding, making the valence band more
dispersive, which is evident in the case of Cs,Ptls. This,
in turn, makes the VBM higher in energy resulting in a
smaller band gap for Cs,Ptlg. On the other hand, in the
case of Cs,PtClg, the VBM bands are flatter resulting in
a lower mobility of holes as compared to Cs,Ptls. The
band topology thus clearly indicates that the optoelectronic
performance of Cs,PtClg will be significantly hindered as
compared to Cs,Ptls. Although complete replacement by
the CI™ atoms may impart good overall stability to the sys-
tem [58], the optical performance may not be appreciable
due to the blue shift in the visible spectrum [Fig. 5(a)].
The electronic band structure and atom and orbital pro-
jected density of states for all chemically phase stable
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FIG. 3. (i,ii) Simulated band structure and density of states

using conventional unit cell (iii) unfolded band structure in
the primitive unit cell for (a) Cs,Ptls, (b) Cs,PtClg, (c)
CS2Pt(C10_04I()'96)6, and (d) CSzpt(C10_9610,04)6, respectively, using
SCAN functional.

mixed halide Cs,Pt(CL,I; )¢ systems are shown in Fig. S1
within the Supplemental Material [41]. Due to the Pt—X
hybridized nature of the valence-band edges, substitution
of halides is expected to majorly impact the valence-
band levels. Here, we have considered two representative
mixed-halide cases (x = 4 at. % and 96 at. % Cl) to discuss
the overall evolution of band topology and band gap. In the
case of 4 at. % Cl-mixed-halide system Cs;Pt(Clg.0410.96)s
[Fig. 3(c)], the Cl-mediated bands lie deep inside the VB
due to the lower energy of 3p orbitals of the CI dopant
as compared to the 5p orbitals of the I atoms. This is

confirmed by PDOS calculations where the Cl energy
levels are localized quite below the valence-band edge.
From the 96 at. % Cl-mixed Cs;Pt(Cljg61g.04)¢ PDOS plot
[Fig. 3(d)], it can be seen that the I-5p states are contribut-
ing to the VBM, which is isolated from the intermediate
valence bands by 0.2—0.3 eV. Although, a distinct feature
of the vacancy-ordered double perovskite band structure
is the appreciable gap between topmost valence bands and
deeper bands, which is visible at the 1.5-2 eV energy level,
reflecting the isolated octahedral framework of quasi-0D
perovskite. But this new gap emerging between VBM
and intermediate valence bands in 96 at. % Cl-mixed
CsyPt(Clgoslo04)s system is unprecedented. Such a gap
is noticeable for 88 at. % < x < 98 at. % Cl-mixed
systems as well. This gap originates from the distorted
octahedral shape and chemical environment present in this
composition range as the chloride and iodine atoms are not
uniformly distributed throughout the crystal. This imbal-
ance of distortion and retention of the octahedral shape and
chemical environment (Pt—I and Pt—Cl) throughout the
lattice sets off a disproportion in the electronic band struc-
ture as well. This claim comes from the fact that the VBM
in these cases are exceedingly contributed by I-5p orbital
and Pt-5d orbital (in particular from the Pt atom, which is a
part of the octahedra where I and Cl are both present simul-
taneously). However, such disproportionate gap does not
appear for lower chloride compositions, i.e., 2 at. % < x <
12 at. %. For instance, 4 at. % Cl-mixed system electronic
structure [Fig. 3(c)] depicts continuous valence bands
without any abrupt gap. Although the octahedral shape
and nature is distorted in this case too, unlike 96 at. %
Cl-mixed Cs;Pt(Clygslo.04)s System, the distortion is sig-
nificantly weaker. Moreover, the charge transfer between
Pt+—CIl bond is not significantly affecting the Pt—I bond
strength on the same octahedron as well as other octahedra.
Whereas, the distortion of octahedra in Cs;Pt(Cly 9610.04)6
is quite notable and the Pt—I charge transfer is stronger.
The charge around Pt bonded with one iodine and five
chloride ions is appreciably altered as compared to the Pt
atoms surrounded by all six chloride atoms. This difference
in environment around Pt atom on the I-substituted octahe-
dron leads to hybridization of Pt—I and Pt—CI with major
contribution from iodide, which has its energy level I-3p
lying above CI-5p and hence the discrete gap arises owing
to this orbital-energy level difference. The simulated band
gaps and their respective nature for mixed-halide systems
using meta-GGA SCAN functional are shown in Table S6
within the Supplemental Material [41]. Figure 4(a) shows
the Cl concentration dependence of band gap value, which
clearly deviates from what is expected from Vegard’s law.
Instead, an unconventional band-gap bowing is observed,
where for a particular Cl concentration the band-gap value
is lower than those for the two pristine end compounds.
The band-gap nonlinearity is expressed using the following
equation:
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E,(Cs;PtCLI,_,) = E,(Cs,Ptlg)
+ E4(Cs,PtClg) — bx(1 —x), (3)

where the bowing parameter, b is 1.46. The band-gap
bowing phenomenon is majorly reported across various
mixed-halide or B-doping perovskite (single, double, lay-
ered) system [28,59—63]. We inspected the possibility of
any structural distortions by considering the variation of
unit cell volume (V) as a function of Cl concentration
(x) (Fig. S2 within the Supplemental Material [41]). The
V versus x trend is fairly linear between x = 0 and x =
0.75; with a slight nonlinearity between x = 0.75 and x =
0.88. The bond lengths between different neighboring pairs

shows a similar jump. The abrupt change in band gap
between x = 0.75 and x = 0.88 can be attributed to this.
The band gap versus x trend [Fig. 4(a)] almost remains
the same irrespective of the unit-cell size taken for sim-
ulation for different x. The emergence of this band-gap
bowing phenomenon can be attributed to several reasons:
(1) volume deformation potential effects—this typically
arises from the electronic structure changes in the pristine
compound as a consequence of the volumetric changes due
to substitutional doping; (2) chemical effects—this is due
to the intermixing of atomic orbitals at different energy
levels; and (3) broken symmetry—typically the pristine
Cs,BX4 compounds crystallize in Fm3m (225) space group
having centrosymmetric point groups with center of inver-
sion at B atom. For each of these pristine halide com-
pounds, the VBM to CBM transition is forbidden due to
the inversion symmetry. However, upon replacing the par-
ent halogen, say I by Cl, there is a reduction of symmetry
(center of inversion absent) and change in coordination
of B atom. As a direct consequence of this, the fun-
damental band gap becomes optically allowed. This has
been observed experimentally for the Cs,;Sn(Br,Cl;_,)¢
system [60]. Figure S6 within the Supplemental Material
[41] shows the electronic band structure and the dipole-
dipole transition probability for Cs,Ptlg and Cs,PtClg and
CsyPt(CL I _y)¢ (where, x =2, 4, 8, 12, 92, 96, 98 at.
%). For Cs,PtClg and Cs,Ptlg, the fundamental band gap
is symmetry disallowed, while for mixed-halide systems
Cs,Pt(CL I _,)6 (x = 8 at. %, 12 at. %, 25 at. %) it is sym-
metry allowed. This indicates that the band-gap decrement
for mixed-halide systems Cs,Pt(CL.1;_,)¢ (x = 8 at. %, 12
at. %, 25 at. %) might be a consequence of the broken sym-
metry for these Cl concentrations, which indeed changes
the coordination of the Pt atoms due to the octahedral dis-
tortion. While the reason for anomalous (dual) band-gap
bowing (at x = 25 at. % and x = 75 at. %) may also be
related to the multiple phase formation in the intermedi-
ate mixed-halide compositions (x = 25 at. %, 50 at. %, 75
at. %, and 88 at. %), as suggested by our chemical phase-
stability analysis. Such a nonlinear band-gap trend across
varying halide and/or B-cation concentrations has been
reported for Cs;Sn(Cl,I;_,)¢ [53] and triple halide lead-
based perovskites [2]. Both the studies suggest a nonlinear
trend in the band gap at particular compositions, which
were experimentally observed to show multiple phases
and/or phase segregation. Interestingly, in our present case,
the anomalous band bowing [Fig. 4(a)] occurs over a
range of compositions (x = 25 at. %, 50 at. %, 75 at.
%, and 88 at. %) that are predicted to be unstable as per
our chemical phase-stability calculations. This instability
range 25 at. % < x < 88 at. % resembles the miscibil-
ity gap observed in mixed-halide systems that are prone to
phase segregation due to halide-ion migration. The misci-
bility gap indicated in free enthalpy of mixing Gyx plot
shown in Fig. 4(b) is consistent with our interpretations
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based on chemical phase-stability analysis. The unstable
mixed-halide phases that are prone to phase segregate at
room temperature can be stabilized in single phase by tun-
ing the synthesis temperature to 500700 K as shown in
Fig. 4(b).

C. Optoelectronic properties

Vacancy-ordered double perovskites are proclaimed
to show strong excitonic effects, e.g., Cs;TiClg, which
exhibits a large exciton binding energy [64]. This led
us to explore if the inclusion of excitonic effects in our
calculations may explain the deviations of our computed
band gaps from the experiments, particularly in the case
of Cs;PtClg. In order to cross-check this, the absorption
coefficients for the four shortlisted systems (Fig. 3) were
simulated using the GoWy+BSE method to examine the
role of exciton interactions with varying Cl concentra-
tion. This is shown in Fig. 5(a). The difference in the
absorption spectrum of I-rich and Cl-rich compounds is
clearly indicated by a small excitonic peak present in
the later compounds, which signifies the strong excitonic
effects present in the Cl-rich system. The difference in
the energy of the first bright excitation peak calculated
from GyW, and GyW,+BSE spectra is used to estimate
the exciton binding energy (see Table S7 within the Sup-
plemental Material [41]). The difference in energy thus
indicates that excitonic effects resolve the discrepancy
between experimental and fundamental band gap simu-
lated using the hybrid HSE06 functional as well. Using
the GoWy+BSE absorption spectra, SLME (spectroscopic
limited maximum efficiency) versus film thickness were
calculated, as shown in Fig. 5(b). SLME determines the
maximum theoretical limit of the solar power-conversion
efficiency of any absorber material. This is an improved

version of the Shockley and Queisser (SQ) efficiency.
Along with the high absorption coefficients and suitable
optical direct band gap, Cs,; Pt(Cly g419.9¢)¢ €xhibits promis-
ing SLME. Coupled with a good optical response, the
CsyPt(Clg.o4lp96)s can be a good photoanode for PEC
water oxidation, while the Cs;Pt(Clygglgo4)s can be a
prospective photocatalyst optimal for the overall water
splitting, owing to its large band gap.

To explore the potential of the proposed mixed-halide
perovskites for photo(electro)catalysis, it is paramount to
benchmark their performance by calculating the funda-
mental descriptors—the absolute VBM and CBM energy
levels (Evgm and Ecpy) with respect to an external
vacuum level. Band-edge potentials of pristine (Cs,Ptlg
and Cs;PtClg) and two prospective mixed-halide systems
CsyPt(Clg.0410.96)s and CsyPt(Clggslo.04)s calculated using
the SCAN functional are presented in Fig. 5(c) with respect
to vacuum and standard hydrogen electrode (SHE) scale.
The valence-band edge of Cs,Ptl is less positive than the
water oxidation potential by 0.04 V. However, experimen-
tally, Cs, Ptlg has been reported to be a functional photoan-
ode for the oxygen evolution reaction [22]. The valence-
band-edge potential simulated using the SCAN functional
is in accordance with the experimental work by Jayaraman
et al. [22]. This inconsistency in the simulated band edge
position can also be attributed to the underestimated SCAN
band gap of Cs;,Ptls (0.93 eV) in contrast to experimental
value (1.25-1.43 eV). We have also calculated the band-
edge positions using HSE06 functional and compared with
those simulated using the SCAN functional. This is shown
in Fig. S5 within the Supplemental Material [41]. Using the
HSE functional, VBM of Cs,Ptl; fully traverses the oxida-
tion potential for the oxygen-evolution reaction. The band
edges of Cs,PtClg calculated herein are in accordance with
the experimental findings [42], confirming its suitability
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FIG. 5. (a) Absorption coefficients and corresponding (b) SLME versus film thickness for Cs,Ptls, CsyPt(Clg4l0.96)s,

CsyPt(Clogslpoa)s, and CsyPtClg simulated using GoW,+BSE. (c) Band edge potentials of Cs,Ptlg, CsyPt(Clg4lo.96)s,

Cs,Pt(Clo.9610.04)s, and Cs, PtClg.
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for the overall water-splitting reaction. Furthermore,
the mixed-halide system—Cs,Pt(Clg 041.96)s—has VBM
positioned 0.07 V more positive than the VBM posi-
tion for Cs,Ptls, based on both SCAN and HSE, indi-
cating it is an alternative oxygen evolution reaction
photo(electro)catalyst instead of Cs,Ptls. In agreement
with the HSE06 simulated band-edge potentials for all
the systems (Fig. S5 within the Supplemental Material
[41]), mixed-halide Cs;Pt(Clyp4lp96)s system has better
valence-band alignment than the chloride-free counterpart.
As such, replacement of Cs, Ptlg by Cs;Pt(Cly g419.96)s, fol-
lowed by a creation of a heterojunction with electron-
or hole-accepting semiconductors can improve the extrac-
tion of the photogenerated charge carriers. The band-
edge potentials of CsyPt(Clgoglo04)s straddle the hydro-
gen and oxygen evolution reaction redox potentials by
0.17 and 0.51 V, respectively. The findings above moti-
vated us to explore the water resistance of the presented
prospective mixed-halide systems, as discussed in the next
section.

D. Stability against moisture (reaction with water)

The interaction of the environment with the surface of
the target system plays a crucial role in the material sta-
bility. Thus, understanding the electronic properties and
surface reconstruction of clean surface and H,O-adsorbed
surface provides useful insights into the chemical stabil-
ity against water and, hence, guides how to model (I,Cl)
mixed-halide systems to get optimal stability results. In
addition, Bader charge analysis at or near the surface
sheds light on the charge-transfer effects and its impact on
stability.

Amongst the various stoichiometric and off-
stoichiometric surfaces simulated [Fig. S7(a) within the
Supplemental Material [41]], the (111) surface with the
Csl; termination shows the lowest surface energy and is
thus the most stable surface for Cs,Ptlg. Similarly, for
Cs,PtClg [Fig. S7(b) within the Supplemental Material
[41]], the stoichiometric (111) surface with CsCl; termi-
nation shows the lowest surface energy. The stable (111)
CsClj surface for Cs,PtClg and the (111) Csljs surface for
Cs,Ptlg were further considered to study the H,O adsorp-
tion effect on pure systems. The adsorption sites available
on the (111)-CsCls-terminal surface are Cs and CI atom,
with which either O or H atom of H,O molecule can
interact. Out of the four possible interfacial configurations
(Cs—0, CI—0, Cs—H, CI—H), Cs—O with the oxy-
gen atom of the H,O molecule binding to the Cs atom
on the surface turns out to be energetically the most sta-
ble one [see Fig. S10(b) within the Supplemental Material
[41]]. Similarly, in case of Cs,Ptls, the most preferred
site for HO adsorption is the Cs atom making a bond
with the O atom of H,O [see Fig. S10(a) within the
Supplemental Material [41]]. The adsorption energies of

H,0 on the (111)-CsCl; surface for Cs,PtClg and (111)-
Csl; surface for Cs,Ptlg were calculated to be —0.22 and
—0.47 eV, respectively. This indicates that the Cs,Ptl; is
more hydrophilic as compared to Cs;PtClg. In compari-
son to adsorption energies of single perovskite CsSnCl;
and VODP Cs,SnClg (reported as —0.93 and —0.60 eV
[58]), the Cs, PtClg system is the least hydrophilic. In addi-
tion, Cs,Ptlg shows proportionately higher water stability
as compared to Cs;SnClg. This manifests that selection
of both halogen site as well B-cation sites can signifi-
cantly alter the stability of the system. Figure 6(i) shows
the H,O adsorption energies of Cs;Ptlg, Cs, Pt(Clg 0410.96)s>
Cs,Pt(Clg.9610.04)s, and Cs, PtClg in comparison to the state
of the art materials—ILHPs and other Sn-based single and
VODP [65—70]. Clearly, Pt-based VODPs are more resis-
tant to the H,O adsorption and hence more stable in a
water-rich environment.

The nature of chemical bonding on the surface plays
a crucial role in dictating the adsorption energy and thus
water stability. To understand the origin of stability at
microscopic level, the bond length and charge distribution
of the atoms on the surface were examined. For the (111)-
CsCl; surface of Cs,PtClg, the adsorbed H,O is located
on the top of the Cs atom. The Cs—O bond length from
the theoretically optimized structure is 3.15 A. In the case
of (111)-Csl; surface of Cs,Ptls, the adsorbed H,O is
also located above the Cs atom. The Cs—O bond length
in this case is 3.07 A. The Cs—O bond in Cs,Ptlg/H,0
is relatively stronger than that in Cs,PtCls/H,0. This
can also be confirmed from the Bader charge analysis.
Table II shows a comparison of the Bader charges on sur-
face atoms for clean surface and the H,O adsorbed surface.
It is evident that the transfer of charges from Cs to O is
more prominent in the case of the Cs,Ptls/H,0O system.
The difference in the H,O resistance strength of Cs,PtClg
and Cs;Ptlg can be attributed to the bond strength of the
Cs—Cl and Cs—I bonds, respectively, after and before
the H,O adsorption. For clean surfaces, the Cs—Cl bond
is stronger than the Cs—I bond due to the smaller elec-
tronegativity difference, as well as smaller ionic radii of
the Cl™ ion. The Cs,Ptls has Cs—I dangling bonds on
the surface, which may hinder its H,O resistance abil-
ity. Whereas, the stronger Cs—Cl bonds impart stability
to Cs,PtCls and remain unaffected upon encountering any
foreign molecule. Additionally, upon adsorption of H,O
on the Cs atom, the bond lengths of the Cs atom with
neighboring halide atoms get influenced significantly. In
the case of Cs,PtClg, the Cs—Cl bond length increases
by 0.01 A after H,O is adsorbed, whereas in Cs,Ptlg the
Cs—1 bond length increases by 0.14 A. The weakening
of the Cs—I bond, and strengthening of Cs—O bond in
Cs;,Ptlg/H, O makes the system more hydrophilic. In con-
trast, for Cs,PtClg/H,0, the stronger Cs—Cl bond and
the weaker Cs—O bond manifests the excellent water
resistance ability of Cs,PtCle.
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FIG. 6. (i) H,O adsorption energies for different variants of perovskites. Ref: [65], §-[66], §-[58] (ii) (111) stable surface slabs

(left) and charge-density difference plots (right) for Cs,Ptls/H,O [Fig. (a),(b)], Cs,PtCls/H,0 [Fig. (c),(d)], Cs2Pt(Clp.0410.96)s/H2O
[Fig. (e),(D)], and Cs,Pt(Cly.9610.04)s/H2O [Fig. (g),(h)] systems. Cs, Pt, I, Cl, H, O atoms are represented by orange, grey, purple, green,
peach, and red colors, respectively. Isosurfaces are displayed using yellow and cyan colours. Yellow represents positive electronic
densities, which accept electrons (i.e., charge gain) and cyan represents negative densities, which donate electrons (i.e., charge loss)

during chemical bonding.

Correspondingly, the H,O adsorption energy of mixed-
halide compounds—Cs;Pt(Clyo41p.96)s and Cs;Pt(Clg.ge
lo04)s were simulated for the (111) slab plane. For
each of the systems, three configurations were consid-
ered—wherein the substituted halide atoms lie (a) on
top layer (b) in intermediate layer and (c) in the mid-
dle layer (see Figs. S8 and S9 within the Supplemental
Material [41]). The most stable surface termination of the
CsyPt(Clg.o4l9.96)s system is when chlorine atoms lie in
the intermediate layer and the top layer has all iodine
atoms. This is in accordance with the surface energy
of pristine systems, which signifies that surface energy
of Cs,Ptlg is lower as compared to Cs,PtClg and hence
iodine atoms preferentially reside on the top layer in
the mixed-halide system. In view of the foregoing, the
Cs,Pt(Clygslo.04)s system theoretically stabilizes into its
most stable configuration with iodine atoms nesting on the
top layer. The adsorption energies of these two systems

CsyPt(Clg.o419.96)s and CsyPt(Clgoslp.04)s were simulated
to be —0.31 and —0.23 eV, respectively. As compared to
Cs,PtClg, a remarkable enhancement in the water resis-
tance with insertion of 4 at. % Cl into Cs;Ptl; is startling,
despite the top surface of Cs;Pt(Cly410.96)s being entirely
enclosed by Cs-I atoms and Cl atoms residing slightly
deeper in the slab.

The impetus behind this can possibly be attributed
to the difference in the charge transfer between the
O of H;O and the Cs on the exposed surface
in case of CSth(C10'04IO.96)6 and CSzpt(C10.9610.04)6.
Figure 6(ii)(a),(c),(e),(g) and (b),(d),(),(h) shows opti-
mized structures and charge-density difference (CDD)
diagrams for Cs,Ptls/H,0,Cs,Pt(Cly 04l0.96)s/H20O, CsyPt
(Clo.g6lo04)s/H20, and Cs,PtClg/H,0O systems, respec-
tively. Isosurfaces are indicated using yellow and cyan
color. Positive CDD (yellow region) represents charge gain
and a negative CDD (cyan region) indicates loss of electric

TABLE II. Bader charge analysis of pristine Cs,PtX¢ (X = Cl, 1) and mixed-halide Cs,Pt(Cl,I;_,)¢ systems.
System Bond length (in A) Bond length (in A) Change of Bader charge Ag
Before H,O adsorption After H,O adsorption (e) upon adsorption of H,O
Cs, Ptlg Cs—I=4.15 Cs—0=3.07,Cs—I=4.29 Cs=+0.019, O=—1.260
Cs,Pt(Clo 0410.96)s Cs—I=4.17 Cs—0=3.08,Cs—I1=4.20 Cs=+0.010, O=—1.217
Cs—Cl=4.17 Cs—CI=3.67
Cs,Pt(Clo.9610.04)6 Cs—I1=3.61 Cs—0=3.18,Cs—I1=3.70 Cs=+0.036, O=—1.211
Cs—CI=3.61 Cs—Cl=3.66
Cs,PtClg Cs—Cl=3.62 Cs—0=3.07,Cs—C1=3.63 Cs=+0.006, O=—1.198
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charge. The positive CDD (charge gain zone) is observed
in the interface region between adsorbent host system
and adsorbate-H,O molecule, thus signifying the bond-
ing between two surfaces. The extent of the charge gain
region varies with the degree of adhesion energy of the
H,0O molecule to the surface adsorption site at the interfa-
cial system. As seen from Fig. 6(ii)(b), a major charge gain
region is observed for Cs,Ptls/H,O system, which signi-
fies stronger adhesion of H,O to Cs,Ptlg making it more
reactive to H,O, and hence has lower water resistance.
Comparatively, Cs,PtClg/H,O system has smaller charge
gain zone Fig. 6(ii)-(d) in the interface region, hence has
improved stability against reaction with water.

Likewise, Cs;Pt(Clygglo.04)6/H20O also shows a CDD
similar to Cs,;PtClg/H,O. Hence it has H,O adsorp-
tion energy closer to the Cl™ enriched pristine system.
The CDD plot for Cs;Pt(Clg4l0.96)6/H20O is similar to
Cs,Ptlg/H,O except that the extent of charge gain region
is comparatively reduced. The smaller electronic densities
in the interfacial region demonstrate the weakened interac-
tion of HyO with the CsyPt(Clg 0419.96)s system. The Bader
charges and bond length results are in accordance to sub-
stantiate the CDD analysis claim. The presence of a small
amount of Cl in CsyPt(Clg4l0.96)s helps to enhance the
Cs—I bond on the surface as compared to pristine Cs;Ptl,
thus acting as a shield to protect the degradation of the
system in the presence of H,O.

IV. CONCLUSION

The prime motivation of this work was to address
the bottleneck issue of moisture degradation faced by
lead halide perovskites (LHP) and lead-free Sn-based per-
ovskites, by considering Cs,PtX¢ as alternative perovskite
materials that can also exhibit excellent optoelectronic per-
formance. Our chemical phase stability and optoelectronic
study on a series of mixed-halide (X = I, Cl) compositions
reveal the formation of a single homogeneous phase for
Cs;Pt(Cl I )¢ with x < 12 at. % and x > 92 at. %.
In contrast, Cs,Pt(Cl,I;_y)¢ with x = 25 at. %, 50 at. %,
75 at. %, and 88 at. % are found to co-exist in multiple
phases with other secondary compounds. Identification of
such secondary phases in our study is extremely useful
to carefully tune the growth condition (during the syn-
thesis) in such a way to avoid the phase segregation or
multiple phase formation. We further explore the band
gap versus x in CspPt(ClI|_,)¢ to show an anomalous
band-bowing behavior. This has been attributed to the
symmetry-allowed transition in the mixed-halide case for
x =28 at. %, 12 at. %, 25 at. % (as compared to the
pristine systems) and/or the formation of multiple phase
formation in the intermediate (x = 25 at. %, 50 at. %,
75 at. %, and 88 at. %) Cl concentrations. Amongst the
various mixed-halide phases, Cs,Pt(Clyo4l0.96)s exhibits
a reasonably good optical response, appreciable SLME

(spectroscopic limited maximum efficiency), appropriate
band edges for PEC water oxidation and is coupled with
excellent water resistance as compared to other LHPs
and Sn-based perovskites. The CsyPt(Clyo4lp.96)s System
thus demonstrates the potential to be a good photoan-
ode accompanied by enhanced water stability. Pt plays
a crucial role in enhancing water resistance capability as
well as optoelectronic properties when compared to other
lead-free halide perovskites. This unarguably leaves a trail
towards an unexplored path to perceive the genesis behind
excellence of the Pt cation in Cs;Pt(Cl,I;_,)¢ that imparts
remarkable solar absorption properties as well as stability
against H,O degradation.
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