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EXPERIMENTAL SECTION

Extraction and Purification of NCs. The extraction and purification of NCs from as-synthesized
crude solution was performed by antisolvent washing method with methyl acetate (MA). The
photographs of each washing step are presented in Figure S1. In brief, 2 mL of crude solution
was mixed with 6 mL of MA, which resulted in a turbid mixture due to precipitation of NCs.
The turbid mixture was shaken and kept for few minutes so that the precipitated NCs settled
down at the bottom of the centrifuge tube. After that, 90% of supernatant was removed and
then again 6 mL of MA was added to the precipitated NCs. The above steps were repeated
three times in order to remove the excess residual organics such as unbound ligands and ODE.
Finally, the purified NCs were collected through centrifugation at 3000 rpm for 5 min and
redispersed in 2 mL of toluene, which resulted in an optical clear colloidal solution (Figure S1).
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Figure S1. Photographs of extraction and purification processes of Fe3*-doped
CSzAgo_sNao_slnCIG NCs

Characterization: The phase purity and the crystal structure of the NCs were analysed by an
X'Pert PRO MPD powder diffractometer (PANalytical) using iron-filtered Co source with Ka
radiation (A = 0.1789 nm) at 40 kV and 30 mA. Samples for XRD measurements were made
from concentrated NC suspensions in toluene and by drop casting onto a zero-diffraction
silicon single crystal substrate followed by drying naturally in air at room temperature.
Elemental compositions of NCs were analyzed by Agilent 7700x ICP-MS spectrometer.
Samples for ICP-MS measurements were prepared by digesting 5 mg of dried NCs powder in
1 mL HNO3/HCI mixture (1:3 v/v) under sonication, followed by dilution with deionized water.
The XPS measurements were carried out with a PHI Versa Probe Il (Physical Electronics)
spectrometer using an Al Ka source (15 kV, 50 W). EPR spectra were recorded on a JEOL JES-
X-320 spectrometer operating at the X-band frequency (~9.0-9.1 GHz) equipped with a

variable-temperature controller (He, N,) ES-CT470 apparatus. The TEM analysis of antisolvent
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washed NCs was performed by using a JEOL microscope with a LaBg emission gun operated at
an accelerating voltage of 200 kV. Samples were prepared from dilute NC solution in toluene
by dropping 10 pL solution onto a carbon-coated Cu grid and drying it in air at room
temperature. High-angle annular dark-field (HAADF) scanning TEM (STEM) imaging and STEM
energy dispersive X-ray spectroscopy (EDS) elemental mapping were performed on a FEl Titan
G2 HRTEM with X-FEG electron gun at an accelerating voltage of 80 kV. The UV-Vis absorption
spectra were collected on a Specord S600 UV-Vis spectrophotometer (Analytik Jena). Steady-
state photoluminescence (PL) spectra were acquired on a FLS980 fluorescence spectrometer
(Edinburgh Instruments) equipped with a 450 W xenon arc lamp as the excitation source. The
PL lifetime analysis was performed by time-correlated single-photon counting using the same
spectrophotometer. The pulsed laser diode (EPL-375 ) with excitation wavelength of 372 nm,
pulse width 66.5 ps, pulse repetition rate of 10 MHz and an average power of 75 uW were
used as an excitation source for nanosecond PL lifetime measurements while for microsecond
range, a LF920H Xenon flash lamp were used. 'H and 3P NMR spectra of NC solutions were
recorded on a 400 MHz NMR JEOL spectrometer. The CO, adsorption capacity of catalyst was
determined by CO, absorption/desorption measurement on Quantachrome instrument gas
adsorption analyser. The photoelectrochemical measurements were carried out at a Gamry
potentiostat Series G 300 (Gamry Instruments, Warminster, PA, USA) with three electrode
configuration cell, including the working electrode (NCs film on FTO glass), the Pt counter
electrode and Ag / AgCl (in 3M KCl) as the reference electrode. The ethyl acetate solution of
0.1 M tetrabutylammonium hexafluorophosphate (TBAPFg) was used as electrolyte. The
transient photocurrent density (I-t) was recorded at -0.4 V vs Ag/AgCl under 150 mW cm Xe
light illumination. The electrochemical impedance spectra were collected at the open circuit
condition under similar illumination. The 13C isotope labelling experiment was performed by
using 13CO, as the feedstock gas. The gaseous products were analysed on a gas

chromatograph-mass spectrometry (GC—MS, QP2010 SE, Shimadzu, Kyoto, Japan).
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Figure S2: XRD patterns of undoped and Fe3*-doped Cs,AgsNagsInClg NCs. The right panel
shows an enlarged view of the (044) diffraction peak of the prepared samples.
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Figure S3: XRD patterns of undoped and Fe3*-doped Cs,AgInClg NCs, with corresponding
reflections of bulk Cs,AgInClg marked as (std) The right panel shows an enlarged view of the
(044) diffraction peak of the prepared samples.
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Table S1. ICP-MS analysis of Fe3*-doped Cs,NalnClg NCs.

Feeding ratio Fe(x) Na(mg/L) In(mg/L) Fe (mg/L) (mnlj:l/L) (mnf';UL) (m'f‘fym Na/In+Fe Fe/(Io::)rFe
0 165.33 860.16 0.00 7.18 7.47 0.00 0.96 0.0
0.25 166.72 794.64 34.14 7.24 6.90 0.61 0.96 8.1
0.50 194.56 747.33 102.48 8.45 6.50 1.83 1.00 21.8

Table S2. ICP-MS analysis of Fe3*-doped Cs,AgpsNagsInClg NCs.

Feeding ratio Fe (x) Na (mg/L) In(mg/L) Fe (mg/L) (mn]j:]/L) (mnﬂym (mlftfl/L) Na/In+Fe Fe/(f,z;m
0 66.72 781.81 0.00 2.90 6.81 0.00 042 0.0
0.25 75.16 63425 10.89 3.26 5.51 0.19 0.51 34
0.50 89.82 609.07 3747 3.90 5.23 0.67 0.66 11.3

Table S3. ICP-MS analysis of Fe3*-doped Cs,AgInClg NCs.

Feeding ratio Fe (x) In(mg/l) Fe (mg/L) (ml;::ym (m]f:um F‘*’;I',Z;Fe
0 772.08 0.00 6.71 0.00 0.0
0.25 799.43 3.10 6.95 0.05 0.8
0.50 519.07 5.53 4.51 0.10 21
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Figure S4: EPR signals of undoped Cs,NalnClgand Fe3*-doped Cs,NalnClg NCs with a nominal 25% Fe
amount, measured at room temperature.
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Figure S5: XPS survey spectrum of Fe3*-doped (a) Cs,NalnClg, (b) Cs,AgqsNagsInCls, and (c)
Cs,AgInClg NCs.
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Figure S6: High-resolution XPS spectra for (a) Cs 3d, (b) Na 1s (c) Ag 3d, (d) In 3d, (e) Cl 3p,
and (f) Fe 2p of Fe3*-doped (25% nominal Fe3* loading with respect to In) Cs,Ag,Na1InClg (x =

0, 0.5 and 1) NCs.
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Figure S7: HRTEM images and their corresponding FFT patterns (inset) of (a) undoped and
Fe3*-doped Cs,NalnClg NCs with feeding molar ratio of (b) 25% (c) 50%. HRTEM images and
their corresponding FFT patterns (inset) of (d) undoped and Fe3*-doped Cs,AgysNag5InClg NCs

with feeding molar ratio of (e) 25% (f) 50%.
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Figure S8. Tauc plots of Fe3*-doped samples with a nominal iron amount of 50%. (a)
Cs,NalnClg, (b) Cs,AgosNagsInClg, and (c) Cs,AgInClg NCs, respectively.
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Figure S9. (a) PL spectra of undoped Cs,NalnClg (blue curve), (red curve) (red curve), and
Cs,AgosNagsInClg (green curve) nanocrystals. (b) Time resolved PL spectra of Cs,AgInClg NCs
(blue dots) and Cs,AggsNag sInClgNCs (red dots); solid lines represent two-exponential fits. (c)
Time resolved PL spectra of Cs,NalnClg NCs.
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Figure S10. (a) PL spectra of Fe3*-doped (25% nominal Fe3* loading with respect to In)
Cs,NalnClg NCs (black curve), Cs,AggsNagsInClg NCs (red curve), and Cs,AgInClg NCs. (b) Time
resolved PL spectra of Fe3*-doped (25% nominal Fe3* loading with respect to In) Cs,NalnClg
NCs (black dots), Cs,AgpsNagsInClg NCs (blue dots), and Cs,AgInClg NCs (green dots); solid red
lines represents tri-exponential fits.

Table S4. Fitting parameters for microsecond PL decay curves of undoped Cs,AgInClg and
CSzAgO.SNao_slnC|6 NCs.

Composition Bi1(%) Ti(us) B2(%) T12(us)  Tav(ps)
Cs2AgInCls 77.1 1.1 22.9 8.6 2.9
Cs2Ago.5sNap sInCls 70.7 2.6 29.3 8.0 4.2

Table S5. Fitting parameters for nanosecond PL decay curves of Fe3*-doped samples with a
nominal iron amount of 25%, and undoped Cs,NalnClg NCs.
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Composition B1 (%) T1(ns) B2(%) T2(ns) B3 (%) T3(ns) Tav(ns)

CszNalnCls: Fe 16.6 0.8 453 3.5 39.0 11.8 6.2
Cs2AgosNaosInCle: Fe  13.5 1.1 50.5 4.4 35.8 12.2 6.8
Cs2AgInCle: Fe 18.4 0.9 54.0 33 27.5 10.0 4.7
CsaNalnCle 11.8 1.2 59.5 4.6 28.6 12.4 6.4
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Figure S11. Optical, colloidal, structural, and morphological stabilities of Fe3*-doped
Cs;NalnClg NCs which were stored in ambient conditions for 30 days. Absorption spectra of
fresh and aged samples (a) with a nominal iron amount of 25%, and (d) with a nominal iron
amount of 50%. Inset: Photographs of fresh and aged Fe3*-doped Cs,NalnClg NC solution in
toluene with 25% and 50% nominal iron amount presented in the respective figures. (b, e)
XRD patterns for fresh and aged samples of Fe3*-doped Cs,NalnClg NC with nominal iron
amount of 25% and 50%, respectively, and (c, f) TEM images of aged Fe3*-doped Cs,NalnClg
NC with nominal iron amount of 25% and 50%, respectively.
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Figure S12. Optical, colloidal, structural, and morphological stabilities of Fe3*-doped
Cs,AgosNagsInClg NCs which were stored in ambient conditions for 30 days. Absorption
spectra of fresh and aged samples (a) with a nominal iron amount of 25%, and (d) with a
nominal iron amount of 50%. Inset: Photographs of fresh and aged Fe3*-doped
Cs,AgosNag sInClg NC solution in toluene with 25% and 50% nominal iron amount presented
in the respective figures. (b, €) XRD patterns for fresh and aged samples of Fe3*-doped
Cs,Ago5sNag sInClg NC with nominal iron amount of 25% and 50%, respectively, and (c, f) TEM
images of aged Fe3*-doped Cs,Agp sNag sInClg NC with nominal iron amount of 25% and 50%,
respectively.

S10



(b)

—
1]
—

Cs,AgInCly: 25% Fe —Su
Fresh

Cs,AgInCly: 25% Fe

-

300 400 500 600 700 800 900 10 20 30 40 50 80 70

Absorbance (a.u)
Intensity (a.u)

Wavelength (nm) 20 (degree)
(d) (e) (f)
Cs,AgInClg: 50%Fe Fresh Cs,AgInCly: 50% Fe —Std
—— Aged Fresh
=) — —— Aged
© >
g ©
8 —
c =
(] [0}
£ . <
? £
2 £
< I
L 1 l J Lo |

300 400 500 600 700 800 900 10 20 30 40 50 60 70
Wavelength (nm) 20 (degree)

Figure S13. Optical, colloidal, structural, and morphological stabilities of Fe3*-doped
Cs,AgInClg NCs which were stored in ambient conditions for 30 days. Absorption spectra of
fresh and aged samples (a) with a nominal iron amount of 25%, and (d) with a nominal iron
amount of 50%. Inset: Photographs of fresh and aged Fe3*-doped Cs,AgInClg NC solution in
toluene with 25% and 50% nominal iron amount presented in the respective figures. (b, e)
XRD patterns for fresh and aged samples of Fe3*-doped Cs,AgInClg NC with nominal iron
amount of 25% and 50%, respectively, and (c, f) TEM images of aged Fe3*-doped Cs,AgInClg
NC with nominal iron amount of 25% and 50%, respectively.
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Figure S14. (a) 'H NMR spectra of extensively washed Fe3*-doped (25% Fe3* nominal loading
with respect to In) Cs,AgosNagsInClg NCs in toluene-dg. The characteristic resonance peaks of
various protons from OA and OLA are labelled by numbers while peaks for solvent toluene-ds
(*), methyl acetate (o) are marked with symbols. The presence broad features from alkene
protons at ~5.53 ppm, o protons (at ~7.5 ppm) and [ protons (at ~4.1 ppm) of
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oleylammonium cations along with peak at 2.2 ppm from proton 1 of OA all verify the binding
of OLA and OA to the surface of NCs. (b) 3'P NMR spectra of extensively washed Fe3*-doped

(25% Fe (l11) loading with respect to In) Cs,AggsNag sInClg NCs in toluene-ds.

Table S6. A summary of the photocatalytic CO, reduction performances by various Lead-free

perovskite photocatalysts

Photocatalyst Experimental Light Source Products References
Conditions (umol g h1)
Cs,AgBiBrg NC Ethyl Acetate AM 1.5G, 150 mW  CHg4: 2.3 Small, 2018, 14, 1703762
cm2 CO: 1.6
Cs,AgBiBrg NPLs Ethyl Acetate 40 mW CHy: 3.8 Nano Lett. 2021, 21, 1620-1627
405 nm laser diode CO: 6.1
Cs,AgBiBrg /g-C3N, Ethyl Acetate + 150 W Xe lamp CH4+ CO Appl.
Methanol 2.0 Catal. B 2021, 282, 119570.
Cs3Sb,(Bro.7lo3)g CO, + H,0 Vapor 300 W Xe lamp, CO: 9.2 Small, 2022, 18, 2106001
420 nm
Cs3Bislg CO, + H,0 Vapor 32 W UV Lamp CH4: 1.5 J. Am. Chem. Soc. 2019, 141,
305 nm Cco: 7.7 20434
Cs,Snlg/SnS, CO, + H,0 Vapor 150 W Xe lamp CHg: 2.0 J. Am. Chem. Soc. 2019, 141,
+ Methanol >400 nm 13434
Cs3Sb,Br,Cls CO, + H,0 Vapor 150 mW cm™ CH4: 3.0 Adv. Funct. Mater.2023,33,
2303430
Cs3BiyBro/INsSnSg CO, + H,0 Vapor 300 W Xe lamp (A > Appl. Catal., B 2022, 313,
420 nm) CO: 95 121426
Cs,NaBiClg CO, + H,0 Vapor 300 W Xe lamp CH,;+ CO Adv. Energy Mater. 2022, 12,
1.1+ 30.2 2202074
Cs,4CuSh,Cly, CO; + H,0 Vapor 300 W Xe lamp CH,4: 0.01 Journal of Alloys and
CO: Compounds 976 (2024) 173283
18.0
Cs3Bi,Bro/MOF-525 CO, + H,0 Vapor AM 1.5G, 100 CH4: 0.3 J. Mater. Chem. A, 2023,11,
mW cm-2 CO: 4020-4029
61.3
Cs,AgBiBrg/Bi,WOg Ethyl Acetate + 300W Xe Lamp CH,: 0.41 Journal of Colloid and Interface
Isopropanol CO: 421 Science, 2023, 629, 233-242
Cs3Bi,Bre@Ui0-66 CO, + H,0 Vapor Xe 300W CH,: 6.17 Small 2024, 2401914
CO: 41.7
Fe3*-Cs,AgosNagsInClg Ethyl Acetate + AM 1.5G, 150 MW  CH,: 3.0 This Work

NCs

Isopropanol

cm2, Xe lamp
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Figure S17. (a) XRD patterns of the Fe3*-doped (25% Fe3* nominal loading with respect to In)
Cs,AgosNagsInClg NCs before (black) and after (purple) photocatalytic reaction. (b) The TEM
image of the NCs after photocatalytic reaction.
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Figure S18. CO, adsorption/desorption isotherms of Cs,AggsNagsInClg NCs and Fe3*-doped
Cs,AgosNagsInClg NCs at 298 K

THEORETICAL SECTION

Computational methods. Density functional theory (DFT), implemented in the plane-wave
Vienna ab initio simulation package (VASP)™, was used to carry out the calculations
presented in this paper. The basis set included plane waves with a maximum kinetic energy
of 400 eV, and the projected augmented wave (PAW) method>® was used to treat the
interactions between ions and electrons, employing GW-optimized PAW potentials. The
generalized gradient approximation (GGA) by Perdew-Burke-Ernzerhof (PBE)” was used to
include the electronic exchange and correlation effects. However, the well-known
underestimation of the bandgap values (BG) resulting from the use of the GGA-PBE functional
was corrected using the Heyd, Scuseria, and Ernzerhof (HSEO03) hybrid functional.®®
Calculations for the undoped structure revealed that the use of the HSEO6 functional®
resulted in an overestimation of the BG values (cf. Table S7, Figure. S19). Therefore, only the
BGs obtained by HSEO3 are reported in this work.

The Brillouin zone was typically sampled only at the I'-point, which is sufficient for calculating
the BGs (see Table S7, Figure S19). Decomposed density of states (DOS) were obtained from
calculations using at least 3 x 3 x 3 k-point mesh or from band structure calculations.

The electronic and magnetic degrees of freedom were relaxed using a preconditioned
conjugate gradient algorithm, with an electronic energy convergence threshold set at 10 eV.

All systems were modelled using a cubic supercell consisting of 8 Cs, 4 Na, 4 In, and 24 Cl
(Figure S20). The initial cell dimensions were based on experimental measurements, with a
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fixed Cs-Cs distance of 5.26 A. The supercell allowed for investigation of Ag/Fe doping at 25%,
50%, 75%, and 100%. The effects of geometry relaxation after doping were explored by
comparing results obtained in the initial and fully relaxed supercells, where ionic positions
and lattice vectors were relaxed simultaneously until the forces acting on each atom were
converged to less than 0.025 eV/A.

The following procedure was used to calculate optical gaps (OG): i/ optimization of the
occupied HSEO3 orbitals, ii/ optimization of the unoccupied orbitals through direct
Hamiltonian optimization, iii/ GyW, calculation1?, and iv/ solving the Bethe-Salpeter
equation (BSE)!31> on top of GyW,. Unfortunately, due to limitations in computational
resources, the optical gap calculations were carried out at the '-point.
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The reduction of CO, was investigated on a perovskite surface using a slab with the
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stoichiometry CsgNa,Ag,InsFe;Cl,4, consisting of five layers (similarly to Figure S16 without
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the apex Cl atoms) with additional vacuum above the structure. The two bottom layers were
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fixed in a bulk-like position, while the remaining layers were allowed to relax. The DFT-D3
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method, including van der Waals corrections with a Becke-Johnson damping function®17,
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was used. In the initial step, the CO, molecule was considered at 7 various positions near the
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surface Fe atom, and the structure was relaxed at the PBE level until all forces were smaller
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than 0.01 eV/A. The most favourable structure was selected for the subsequent step, in which
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Table S7: Calculated electronic bandgap values (in eV) for high-symmetric CsgNayIn4Cl,, using
various functionals and k-point meshes. Bandgap values were determined either by
calculating the energy difference between the conduction band edge and valence band edge
directly from the difference in eigenvalues (BG.), or by analyzing the DOS (BGy) plots, with the
latter providing a better representation of bandgaps at non-zero temperatures. BG. and BGqy
are similar but not identical, and for consistency, only BG, is used in the remainder of the
paper as BG.

Functional k-point mesh  BG. (eV) BG4 (eV)
PBE 6x6x6 3.31 3.21
HSEOQ6 Ax4x4 4.67 4.55
HSEO3 Ix1x1 4.40 4.19
HSEO3 2x2x2 4.40 4.23
HSEO3 Ax4x4 4.40 4.30
HSEO3 6X6X6 4.40 4.35
Exp. value - - 4.29
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Figure S19: Densities of state (DOS) plots for the initial unrelaxed CsgNa,ln,Cl,4 supercell,
computed using various functionals and k-point meshes: PBE and 6x6x6 (a), HSEO3 and 4x4x4
(b), HSEO6 and 4x4x4 (c). A convergence test performed for the k-point mesh using HSEO3:
1x1x1 (d), 2x2x2 (e), 6x6x6 (f). See Table S7 for corresponding electronic band gap values.
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Figure S20: Computational cell of CsgNa,Ag,InsFe;Cl,, with Cs and Cl atoms represented by
blue and yellow spheres, respectively. Na, Ag, In, and Fe atoms are in the center of
octahedrons of corresponding colors (turquoise, purple, green, and red). Initial supercell is
cubic with vertices placed at the centers of the corner purple octahedrons. Relaxations in
many systems resulted in tetragonal lattice, but with lattice constants that are very similar.

A hydrogen atom was added to different positions (usually 4-8) around the CO, molecule, and
the system was relaxed again. Such a loop was repeated until the initial CO, molecule fully
converted to a CH, molecule and two H,0 molecules (the first H,0 molecules was removed
after its formation to save computational resources). The energetics of the process were
evaluated using the HSEO3 functional in subsequent static calculations to correct the well-
known drawbacks of GGA-level functionals when adsorbing CO molecules on metals.'® In our
calculations, both PBE and HSEO3 predicted similar favourability of the geometry ground
state, and the relative energies of various geometries were also similar. Discrepancies
between the two functionals occurred only when they converged to different spin isomers,
which is beyond the scope of this work to discuss in detail. The effect of solvent was neglected
due to the enormous degrees of freedom that would be introduced by an explicit modelling
of the ethyl acetate solvent.

Calculations of reference Fe-undoped system were started from the relaxed
CsgNa,Ag,InsFeqCly, slab with subsequently deposited intermediate products with the same
geometry as at the Fe-doped surface; the structures were then relaxed as described above.
We expect that the most favourable reaction path is sufficiently covered even by using this
resource-conserving approach.

To calculate the Gibbs binding energy, the statistical-thermodynamic procedures described in
the book by Christopher J. Crammer'® was employed. The vibrations of selected parts of the
system were limited to C, O, and H atoms.

The internal energy at 0 K (Up) was obtained from the (hybrid-) DFT total energy (E;:) by
adding the zero-point vibrational energy (ZPVE), which is half the sum of the energies of all
vibrations (E;)
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modes

1
U0=Et0t+52 E, 1
i

The vibrational internal energy (U,;,) and the vibrational entropy (S,i,) at temperature T can
be expressed from the partition function as follows

modes E

i
i

k : ?
ex -1

8P\l T

modes E

i

where kg is the Boltzmann constant, and

3
Pk Tlexp [—| -1
i (kBT) ]
The internal energy (U) at temperature T is then the sum of Uy and U,;;,
U=U,+U,),. 4
The enthalpy (H) is defined as
H=U+DpV, 5

where p is pressure and Vis volume. Both quantities can be substituted using the equation of
state

pV = NkgT 6

to
H=U+k,T, 7

where N is equal to 1 (since one molecule was investigated at a time), and therefore it is not
shown in the final form. Finally, Gibbs energy (G) is calculated from the well-known formula
G=H-TS= H-TS,, 8

since only vibrational entropy has been considered so far.

These equations are satisfactory for supercells that included a surface, which prevents the
atoms/molecules from translating and rotating. However, when these degrees of freedom
are not restricted, their contributions to the internal energy and entropy must be taken into
account. In this case, the equipartition theorem gives

3
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for a single atom (three translations and zero rotations),

5

for a linear molecule (three translations and two rotations), and

U=Uy+U

6
for a nonlinear molecule (three translations and three rotations).

The translational entropy (Siyans) depends only on the molecular mass (M) and the
temperature

5
2

Strans = kB In 0

3
(ZanBT)E kT
p

h2

where p° is the standard pressure of 101325 Pa. The rotational entropy (S,.:) of a linear
molecule can be expressed as

S, =kg +1], 13

8mllk,T
In
oh?

where o is a symmetrical factor (1 for asymmetric linear molecules, 2 for symmetric linear
molecules), and / is the moment of inertia that can be estimated in diatomic molecules as

mm,

I= T, 14

m1+m2

where r is the distance between the two atoms. The rotational entropy of more complex
molecules has been neglected.

Finally, the Gibbs energy (Eq. 8) becomes
G=H-TS= H- T(Svib + Strans + Srot) . 15

Structures were visualized using either VESTA?° or Speck?!. In Speck, the size of atoms was
manually adjusted to distinguish between atoms forming the surface (shown as bigger
spheres, visually forming a compact layer) and the C, O, and H atoms (shown in the standard
Balls & Stick form). The colour code used in this work was consistent throughout: atoms
forming perovskites are described in Figure S20, while C, O, and H atoms are represented by
grey, orange, and white spheres, respectively.
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Table S8: Calculated electronic band gaps (HSEO3) and optical band gaps in eV, at -point of
unrelaxed and optimized (I-point only, HSEO3) high-spin and low-spin Ag- and Fe-doped
CsgNayAga«InyFe,. Clys. Colours are a guide for the eye. Comparison of experimental and
calculated gaps of selected systems. Note that * denotes a manual extension of lattice
parameters by 5% in each direction (see the next page).

Electronic band gaps

Na/Ag

Geom. of init. supercell

Relaxed with low-spin Fe

Relaxed with high-spin Fe

4/0 3/1 2/2 1/3 0/4

4/0 3/1 2/2 1/3 0/4

4/0 3/1 2/2 1/3 0/4

4/04.40 3.54 2.92 2.66 2.41

4.28 2.87

4.28 2.87

% 3/1 2.64 2.40 2.04 2.15 2.33  3.04 2.69 2.51 2.52 2.45  3.05 2.59 2.46 2.43 2.40
S 2/2 251241213 1.951.97 2.72 2.36 2.32 2.30 2.16  2.81 2.45 2.28 2.27 2.24
< 1/3 2.49 2.10 2.13 2.04 2.11 1.64 1.79
" 0/4 2.46 2.04 1.98 2.09 2.19 0.76 1.66

Optical band gaps

Geom. of init. supercell

Relaxed with low-spin Fe

Relaxed with high-spin Fe

Na/Ag|4/0 3/1 2/2 1/3 0/4 4/0 3/1 2/2 1/3 0/4 4/0 3/1 2/2 1/3 0/4
4/0 5.33 4.96 4.66 4.06 5.20 4.52 5.20 4.52
'% 3/1 3.46 2.77 3.10 3.16 3.23 3.28 3.23  2.92 3.03 3.04 3.16 2.99
o 2/23.36 2.69 2.67 3.12 299 3.06 3.12 3.11  2.85 2.94 2.96 3.09 2.93
= 1/3 2.57 2.49 2.94
"~ 0/43.38 2.15 2.86
Optical properties of selected systems
Geom. of Relaxed with Relaxed with
init. supercell low-spin Fe high-spin Fe
System Exp. gap BG 0G BG 0G BG 0G
CsgNasAgglnsFeoClaa 4.29 440 5.33 428 5.20 3.32* 4.43*
CsgNajAgglnsFe Clya 2.88 2.64 3.46 3.04 3.10 3.05 292
CsgNajAggln,Fe,Cly, 2.88 251 3.36 272 3.12 2.81 2.85
CsgNasAgolngFe,Cloa - 246 3.38 - - - -
CsgNaszAg;InsFegCloa - 3.54 496 - - - -
CsgNa,Ag,InsFeoCly  4.17 292 4.66 2.87 4.52 - -
CsgNa,Ag,InsFe Cly,  2.84 204 277 251 3.23 2.46 3.04
CsgNa,Ag,In,Fe,Cly,  2.84 2.13  2.69 2.32 3.06 2.28 2.96
CsgNa,Ag,IniFesCly, - 2.13 2.57 - - - -
CsgNagAgsInsFeoCl,y  4.13 241 4.06 - - - -
CsgNagAgsIn,Fe,Cly 2.7 1.97 2.67 - - - -

Electronic and optical band gaps
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Structural-optical properties

Table S8 shows that the theoretical optical gaps in several systems may typically overestimate
the experimental ones by 10-20%. However, our tests (Figure S21) indicated that manually
increasing the pre-optimized lattice parameter by up to 5% can correct the optical band gap
and bring it into at-least semi-qualitative agreement with experimental values, as
demonstrated for the pristine CsgNasInsCly4. These findings highlight the pivotal role of
accurate geometries in optoelectronic properties calculations. It should be noted that the
current study did not involve detailed investigations of structural-optical properties, which
would be necessary to accurately determine optical band gaps that match experimental gaps.
Such analyses require significant computational resources and were not feasible within the

scope of this work.
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< 5.2
5.0
4.8
4.6
4.4
4.2

4.0
5.2 53 54 5.5 5.6

Cs-Cs distance (A)

‘ y =-3.4364x + 23.431
R R? = 0.985

Optical gap (eV

Figure S21: Negative correlation between the optical band gap and lattice constant (measured
as the Cs-Cs distance) in pristine CsgNasln,Cl,4s. The optical calculations were conducted in
systems with the lattice extended by hand from the initial geometry (only atomic positions
were relaxed within the initial lattice) optimized at the HSEO3 level (Cs-Cs: 5.257 A), up to an
extension of ~2.5 % (Cs-Cs: 5.393 A) and ~5 % (Cs-Cs: 5.529 A). Optical band gap lying above
the trend connection corresponds to the fully optimized geometry (lattice and atomic
positions) at the HSEO3 level (Cs-Cs: 5.325 A).
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Effect of geometry optimization on the electronic structure of Fe- and Ag- doped DPs

total
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Figure S23: Spin-resolved electronic band structure of the initial unrelaxed supercell of high-
spin Fe-doped CsgNayln Fe,.,Cl,4 with the valence and conductive band edges marked with
bold lines (a, f). The colors in the band structure plot match the colors in the corresponding
DOS plots shown in (b-e) and (g-j). DOS plots of CsgNaslnsFeqClas (b, g), CsgNaslnsFe;Cly, (c, h),
CsgNayln,Fe,Cly, (d, i), and CsgNaglngFesCly, (e, j).
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The level of Fe3* doping has only a negligible effect on BGs in both spin configurations.

Energy

spinT spinl

! ]
o
Figure S22: Spin-resolved DOS plots calculated at the I-point for unrelaxed Fe-doped

CsgNayln,FesClys, including CsgNaglngFeoCly, (a), low- (b) and high-spin (c) isomers of
CsgNayln,Fe,Cly, and low- and high-spin isomers of CsgNalngFe,Cly, (d, e). The colors in the

plot correspond to the elements shown in the legend.
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Figure S24: Spin-resolved electronic band structure of the initial unrelaxed Ag-doped
CsgNayAga.,In,Cly4 supercell, with the valence and conductive band edges marked with bold
lines (a, f). The colors in the band structure plot match the colors in the corresponding DOS
plots shown in (b-e) and (g-j). DOS plots of CsgNasAgoln,Clys (b, g), CsgNazAg,In,Cly, (c, h),
CsgNayAg,In,Cly, (d, i), and CsgNagAgasln,Clys (e, j). To sample the reciprocal space, a regular
3 x 3 x 3 k-point mesh was employed, which was also used for the DOS plots. To sample paths
in the band structures, additional zero-weighted k-points were added.
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Figure S25: Spin-resolved DOS plots calculated at the Tl-point for relaxed Ag-doped
ngNaXAg4_xln4C|24. ngNa4Ag0|n4C|24 (a), CSgNagAg1|n4C|24 (b), CSgNazAg2|n4C|24 (C),
CsgNapAgsln,Cly, (d). The colors in the plot correspond to the elements shown in the legend.
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Figure S26: Spin-resolved DOS plots for the HSEO3-optimized CsgNa,Ag,InsFeqCl,, supercell,
and the low-spin CsgNaslnsFe,Cl,, doped with Ag with a constant In/Fe ratio:
CsgNajAgolnsFe Clys  (a), CsgNayAgylngFeoCl,s  (b), CsgNaAgyInsFe;Cl,, (c), and
CsgNapAgslnsFe Cly, (d). Compare with Figure 3 in the main text.
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Figure S27: Electronic structure of Fe-doped CsgNaslnsFe;Cl,4 and the effect of Ag-doping with
a constant In/Fe ratio. (a, f) Spin-resolved electronic band structure with colors corresponding
to the bounding boxes of the DOS plots shown in (b-e) and (g-j). Valence and conductive band
edges are marked with bold lines. DOS plots (see also Figure S26) of CsgNasAgglnsFe Cly, (b, g),
CsgNa,Ag,InsFeqClys (c, h), CsgNayAg,InsFe Cly, (d, i), and CsgNagAgaslnsFe Cly, (e, j). Arrows
indicate the most probable transitions corresponding to the optical gap, and the edges of
these transitions are marked by dashed horizontal lines. Compare with Figure. 3 in the main
text, which shows the low-spin configuration. The relaxed reference system without Fe is
CsgNayAg,InsFeqClya.
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Figure S28: Energy profile for the reduction of CO, on the CsgNa,Ag,In;FeCl,, surface together with
corresponding geometries. The Gibbs energies are relative to the Gibbs energy of a free CO, molecule
and free surface.
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