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For the next generation of photoconductors, hybrid molecular materials based on metal—halide anionic
networks and electroactive organic cations of viologen type have been considered. Charge-transfer
hybrid materials with reasonable (photo)conducting responses required the association to lead-iodide
based inorganic components. Here, the benefit of using an organic divalent cation based on the diketo-
pyrrolopyrrole (DPP) chromophore afforded a series of iodide-free and one example of lead-free photo-
conducting devices. Specifically, lead-chloride and lead-bromide compounds present an electronic
structure of type | with frontier orbitals based solely on the organic cation, while the bismuth-bromide 1D
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transfer. The resulting devices show relevant photocurrent/dark current response ratios of up to 3.7 at
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Introduction

While halide perovskites have emerged as one of the most
promising family of materials for solar cell technology," the
poor stability to moisture exposition of the iodide-based three-
dimensional (3D) structure encouraged chemists to use large
organic molecules as cations, resulting in two-dimensional
(2D) or one-dimensional (1D) inorganic networks with
enhanced stability.”> Such compounds usually present a wide
electronic bandgap, with no contribution of the organic part
in the valence band maximum (VBM) or conduction band
minimum (CBM), thus following a type-I alignment (VBM and
CBM reside on the inorganic component).® Due to quantum
and dielectric confinement of the charge -carriers, these
materials were mainly used for light-emitting or sensing
devices,* and as photodetectors when associated to graphene
in heterostructures.” On the other hand, an interesting strategy
to reduce the electronic bandgap and afford optoelectronic
functionalities is through electroactive cations that can trigger
charge transfer (CT) in the hybrid metal-halide structure.® In
this case, the organic moieties can be active and participate by
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, opening the strategy of DPP-based hybrid metal-halides for stable and non-toxic photo-

adjusting the edge energy levels of the material (bands
arranged in a type-Il alignment).” This strategy has been
employed for the preparation of 2D hybrid perovskite struc-
tures with possible applications in solar cell, LED and FET
devices,® as well as in 1D iodoplumbate networks thus
affording photoconductivity.”'® A third option, less explored,
consists in using the inorganic part to template the hybrid
structure without being involved in the electronic edge states,
leading to a type-I alignment with VBM and CBM on the
organic part, in which case the band gap is controlled only by
the energy levels of the organic cations."* Among electroactive
cations, methylviologen (MV>") was previously combined to
group 15 metal ions (Bi"™ and $b™)"*™* or to lead-iodides in
order to afford 1D CT hybrid semiconductors.”® In the latter
example, Fujisawa and Ishihara could highlight CT from the
valence band of the anionic network to the LUMO (lowest
unoccupied molecular orbital) of the organic cation, which
was further confirmed by the support of density functional
theory (DFT) based calculations, showing that the CBM con-
sisted in the LUMO of MV>".'® More recently, new viologen
derivatives bearing H-bonding functionality have been used in
order to tune the bandgap via supramolecular organization,
hence inducing photoconductivity.'”” On the other hand,
Kanatzidis et al. recently used similar viologen cations while
changing the composition of the inorganic network (Pb vs.
Sn).*® This solid solution approach represents an efficient way
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to finely tune the bandgap. Nevertheless, the short absorption
range of these viologen cations require the association with
iodide-based inorganic networks, which are usually more
unstable compared to their bromide and chloride-based con-
geners.'® Another way to enhance CT and broaden the absorp-
tion spectra consists in changing the electronic character of
the MV>" based derivatives while preserving a hydrogen
bonding motif. Diketopyrrolopyrroles (DPPs) have become
attractive for photoconducting materials due to their chemical
versatility, solution processability, high absorption and fluo-
rescence quantum yield.”’>* Despite increased absorption
and stability of the redox forms,>* electron deficient DPP-pyri-
dine-based monocations (DPP-Py'") and dications (DPP-Py*")
have been very little studied so far, mostly as fluorescent
probes®*™’ or for electrochromic displays.”® On the other
hand, a DPP-thiophene derivative bearing alkylammonium
side chains was successfully inserted in a series of quasi-2D
perovskite compounds for solar cell applications, although
single-crystal X-ray structures couldn’t be described.** Within
this work we took advantage of the structural similarity
between MV>" and DPP-Py** dications (Fig. 1) to synthesize
hybrid organic-inorganic metal-halide materials. Beside
similar redox behavior, the DPP-Py>" has several advantages
such as red-shifted absorption and impressive molar absorp-
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tivity in the reduced states, two lactam units prone to hydrogen
bonding and electron reductions at much negative potentials
thanks to its electron acceptor core.'® The direct consequence
of its electron deficient character translates in lower LUMO
energy and thus reduced band gap. We report herein several
1D organic-inorganic hybrid materials based on DPP-Py*"
acceptor and Pb,X,>~ (X = Cl, Br, I) or BiBr;>~ as metal-halide
donors. The effective small band gaps, confirmed by UV-Vis
absorption measurements, photoelectron spectroscopy in air
(PESA) and theoretical calculations, enabled the fabrication of
pressed pellet-based photoconductors with interesting photo-
current/dark current response ratio.

Results and discussion
Synthesis and single-crystal X-ray structures

The desired DPP-Py** dication was obtained stepwise as iodine
and hexafluorophosphate salts from the DPP-4-pyridyl pre-
viously described (Scheme 1).*' The iodine salt was obtained
in good yields by using an excess of methyl-iodide in aceto-
nitrile at 80 °C, whereas the hexafluorophosphate salt by
counter anion exchange, similarly to previously reported DPP-
hexylPy>" dication."’

0 #Eredz 1+ #Ered1 2*
MV2+ brown 112V blue 0.69V colorless
((opP_]*DPP-HexylPy2* blue 0.70 V green -0.50 V purple

*DPP-HPy?* = Diketopyrrolopyrrole-(hexyl-pyridine),2*;

# Reduction potentials values in V vs SCE for MV and vs Fc/Fc* for DPP.

Fig. 1 Redox properties of MV?* 3 and DPP-hexylPy?* dications.

Mel (4 eq.)
—_—

MeCN
80 °C, 5 days

—N

KPFg (10 eq.)

f.
’ o

MeCN/H,0
75°C, 12h

Scheme 1 Synthesis of DPP-Py?* dications as iodide and hexafluorophosphate salts.
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Subsequently, the synthesis of the hybrid compounds was
carried out by mixing one equivalent of the cation salt with
one equivalent of the metal halide salt under stirring and
heating in HX (X = Cl, Br, I). While the lead-chloride and lead-
bromide hybrid compounds of general formula (DPP-Py)Pb,X,
could be crystallized as black needles, the reaction of the
cation with HI under heating resulted in the hydrogenation of
the DPP core and breaking of the aromaticity, affording non-
conjugated H,DPP-Py dications and Pb;l;, cluster anions
(Fig. S2). Therefore, another strategy was adopted for the reac-
tion with Pbl,, using either DMF or DMSO as a solvent and
stoichiometric amount of HI. Following this procedure, the
two compounds of formula (DPP-Py)Pb,ls(DMF), and
(DPP-Py)Pb,I,:(DMSO), could be obtained as black needle-like
and platelet-like crystals, respectively. Two more 1D lead-
bromide compounds of formula (H,O,)(DPP-Py),Pb,Br, could
be obtained starting from (DPP-Py)I, instead of (DPP-Py)(PFg),.
A non-perovskite single-chain network (mix of corner and
edge-sharing octahedra; x = 13, y = 6) was obtained as black
platelet-like crystals (Fig. S3 and S4), while the brown needles
corresponded to a perovskite-type network (double chains of
corner-sharing octahedra; x = 9, y = 4, Fig. S3, S5 and S6).
These two compounds are solvatomorphs since they only
differ in their formula by the number of water solvent mole-
cules in the hydronium cluster. Finally, replacing PbBr, by
BiBr; afforded the lead-free 1D perovskite network of formula
(DPP-Py)BiBr; as black needle-like crystals.

(DPP-Py)Pb,Cl; and (DPP-Py)Pb,Br, are isostructural and
crystallized in the monoclinic space group P2,/n. The hybrid
compounds are made of column stacks of organic DPP mole-
cules and a very peculiar 1D inorganic chain. Indeed, the
unusual seven-coordination of the metal ion results in chains
of monocapped trigonal prisms with face-sharing and edge-
sharing connectivity (Fig. 2). Only one example of this type of
1D network has previously been obtained by Lightfoot et al.
using imidazolium and 4-methylimidazolium cations with
lead-bromide.** Otherwise, this rare architecture has mainly
been observed in 2D lead-halide networks of general formula
APDb,X5 where the 1D chains of monocapped prisms are inter-
connected to form corrugated layers.”>> In both cases, the
seven-coordination in lead-chloride and lead-bromide hybrids
has always been obtained using secondary amine precursors,
showing the role of hydrogen bonding.?® Indeed, the strongest
intermolecular interactions between organic cation and in-
organic network in (DPP-Py)Pb,Xs compounds don’t involve
the methyl-pyridinium but rather the pyrrole units, as high-
lighted by the short N-H---Cl and N-H---Br distances (with
N---Cl and N---Br distances of 3.189 and 3.362 A, respectively,
see Fig. S7). Finally, the cation stacks show strong n—n stacking
with a short distance between DPP units of 4.019 and 4.145 A
corresponding to the crystallographic a parameter in (DPP-Py)
Pb,Cls and (DPP-Py)Pb,Brs, respectively.

In both (DPP-Py)Pb,ls:(DMF), and (DPP-Py)Pb,ls(DMSO),
compounds, the inserted solvent molecule strongly interacts
with the pyrrole unit of the DPP-Py cation (Fig. 3). Therefore,
the intermolecular interactions between cation and inorganic
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Fig. 2 Crystal structures of (a) (DPP-Py)Pb,Clg and (b) (DPP-Py)Pb,Brg
along the c axis (left) and a axis (right). Color code: C (black), H (cyan), N
(blue), O (red), PbCl; (turquoise octahedra), PbBr; (grey octahedra).

network involve the methylpyridinium units, leading to a 1D
chain of face-sharing octahedra similar to the one observed in
the previously reported compound (MV)Pb,ls based on the
methyl-viologen (MV>") cation.™

Finally, the lead-free compound (DPP-Py)BiBr; crystallized
as a perovskite-type (corner-sharing) 1D network of cis-con-
nected octahedra (Fig. 4). As for the related lead-chloride and
lead-bromide compounds, the main intermolecular interaction
between cation and inorganic network involve the pyrrole
units and apical Br atoms, with an N---Br distance of 3.303 A.
The stack of organic cations along the ¢ axis show a 90°
rotation between adjacent molecules, still strong n-n inter-
actions are highlighted by a distance between adjacent aro-
matic units of 3.654 A.

Spectroscopic properties and electronic structures

The purity of the polycrystalline powders for (DPP-Py)Pb,Cls,
(DPP-Py)Pb,Br,, (DPP-Py)Pb,I¢-(DMF), and (DPP-Py)BiBr; was
confirmed by powder X-ray diffraction (Fig. S8-S11). UV-Vis
absorption measurements were performed on both powder
samples and the pressed pellets further used for photoconduc-
tivity studies (Fig. 5a and Fig. S12). For powder samples, E,
values range from 1.71 eV for (DPP-Py)BiBrs to 1.49 eV in
(DPP-Py)Pb,1s(DMF), (Fig. S13). These E, values are lower
than those observed in previously reported hybrid CT com-
pounds based on lead-iodide networks and viologen cation or
bismuth-iodide and 4-methyl-piperidine cation®” derivatives of
type I architectures, suggesting that the DPP-based cation can
efficiently involve CT with iodide-free compounds. After fabri-
cation of the pressed pellets, these values were slightly
lowered, particularly in (DPP-Py)BiBr; (from 1.71 eV in the
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Fig. 3 Crystal structures of (a) (DPP-Py)Pb,lg-DMF and (b) (DPP-Py)Pb,lg-DMSO. Color code: C (black), H (cyan), N (blue), O (red), S (yellow), Pblg

(purple octahedra), N-H---O bonding (cyan dashed lines).

Fig. 4 Crystal structure of (DPP-Py)BiBrs. (a) View along the c axis. (b) View along the a axis. (c) Intermolecular interactions between cation and in-
organic chain. Color code: C (black), H (cyan), N (blue), O (red), BiBrg (orange octahedra), N—H---O bonding (cyan dashed lines), n—x stacking (pink

dashed lines).

powder to 1.58 eV, see Fig. S14). Finally, the valence band
energy was estimated by PESA measurements on pressed
pellets and revealed a work function ranging from 5.83 to 5.88
eV being very similar for the four hybrid materials (Fig. S15).
To gain deeper insight into the electronic structure of the
DPP-Py based materials, we employed DFT (see SI for compu-
tational details). The computed band gaps recover the experi-
mental trends with nearly identical gaps for (DPP-Py)Pb,Cl,
and (DPP-Py)Pb,Brs, a slightly lower band gap for (DPP-Py)
Pb,Is-DMF, and a greater band gap for (DPP-Py)Bi,Br; (Fig. 5¢—
f and Table S3). The band structures of all compounds show
similar features at the bottom conduction bands held by the
DPP-Py organic cations. These molecular-like states show weak

4524 | Inorg. Chem. Front., 2026, 13, 4521-4529

dispersion across the Brillouin zone, making it difficult to
characterize the nature of the band gap between direct or
indirect. Such molecular states usually give sizable difference
between the optical and electronic band gaps. Interestingly,
the molecular calculation shows that this difference is around
0.27 eV for the DPP-Py cation (Fig. S16). When reporting this
raw evaluation of the shift on the computed band gaps, we
find an excellent agreement with the spectroscopic results. If
the conduction bands are similar for all materials, the situ-
ation is different for the valence bands showing two distinct
behaviors. (DPP-Py)Pb,Cls and (DPP-Py)Pb,Br, present valence
band tops built from contributions of the DPP-Py organic
cations, while the VBM of (DPP-Py)Pb,ls-DMF and (DPP-Py)

This journal is © the Partner Organisations 2026
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Fig. 5 (a) UV-Vis absorption measurements on polycrystalline powders of the hybrid metal-halide compounds. (b) Proposed schematic energy
diagram for (DPP-Py)Pb,Cls, (DPP-Py)Pb,Bre, (DPP-Py)Pb,ls:DMF and (DPP-Py)BiBrs based on PESA measurements, UV-Vis absorption (E4 values for
powder samples were considered) and the DFT computed band structure of (c) (DPP-Py)Pb,Cls, (d) (DPP-Py)Pb,Bre, (e) (DPP-Py)Pb,ls-DMF and (f)
(DPP-Py)BiBrs. The conduction bands are rigidly shifted so that the band gaps match the values obtained after correction by the PBEO hybrid func-
tional (see computational details). Gray, orange, green, and violet circles mark the contributions from the orbitals of Pb, Br, Cl, and I, respectively,
while blue circles indicate the contributions of the DPP-Py®* cation.

BiBr; arise from the inorganic network (Fig. 6). In general, all an energy diagram was proposed for each compound (Fig. 5b).
the compounds present modest valence band dispersions, the The three investigated lead-based hybrids show similar
best situation being obtained when the corner-shared BiBr; in- bandgap according to UV-Vis absorption measurements,
organic network is involved (Table S4). Based on UV-Vis however theoretical calculations highlighted the different
absorption, PESA measurements and theoretical calculations, types of alignments in their respective electronic structures

(DPP-Py)Pb,Clg (DPP-Py)Pb,Br, (DPP-Py)Pb,lg (DPP-Py)BIBrs

Fig. 6 DFT computed partial charge density taken at the valence band maximum of (DPP-Py)Pb,Cls, (DPP-Py)Pb,Brs, (DPP-Py)Pb,ls-DMF and
(DPP-Py)BiBrs. The VBM of (DPP-Py)Pb,Cls and (DPP-Py)Pb,Brg are distributed over the organic cations, while the VBM of (DPP-Py)Pb,l¢:DMF and
(DPP-Py)BiBrs involve the inorganic network.
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induced by the electron character of the DPP-Py salt, from type
I all organic for lead-chloride and lead-bromide to type II in-
organic-organic CT architectures for lead-iodide. On the other
hand, the bandgap opening of the cation together with the
reduced bandgap in the inorganic part resulted in a different
scenario in the case of the lead-free (DPP-Py)BiBrs material, i.e.
a type II inorganic-organic CT energy alignment with a slightly
higher, still promising bandgap for applications of CT hybrids.
Although the CT could not be quantified with more advanced
spectroscopy techniques, such as transient absorption and
emission measurements due to film processing and photo-
luminescence quenching of the cation in the solid state, these

Deep blue
LED

Lead-free

strips pellet

Electrode

d e
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preliminary results clearly highlight the interest of these new
class on cations in hybrid metal-halides. The use of DPP-Py
instead of MV cations allows to strongly reduce the bandgap,
as highlighted on (DPP-Py)Pb,Is-DMF with respect to pre-
viously reported (MV)Pb,ls and (HyEtV)Pb,Is compounds
(Fig. S17), and on the lead-free (DPP-Py)BiBr; versus (MV)BiBrs
(experimental E, values of 1.71 and about 2 eV, respectively).®
Our findings show the importance of the choice of cationic
acceptor beside the supramolecular organization for bandgap
tuning. Therefore, DPP-Py-based hybrids appear as promising
candidates for the fabrication of photodetectors, particularly
iodide and lead-free.
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Fig. 7 Photoconductivity measurements. (a) Schematic representation of the experimental setup. A hybrid metal-halide pellet is placed under a
calibrated high-power LED capable of delivering 1 mW mm™2 of monochromatic irradiation in deep blue (452 nm). (b) Photograph of the experi-
mental setup. For clarity purpose the blue irradiation is set to minimum. (c) Time-dependent current responses of (DPP-Py)Pb,Clg upon on/off
cycles of 30 s, at —2.0 bias voltage. /-V characteristics of (d) (DPP-Py)Pb,Cle, (e) (DPP-Py)Pb,Br¢ and (f) (DPP-Py)BiBrs. (g) Ratio between photo-
current and dark current values for (DPP-Py)Pb,Cle, (DPP-Py)Pb,Brs, (DPP-Py)Pb,lg:-DMF and (DPP-Py)BiBrs. (h) Increase (in %) of current response
for (DPP-Py)Pb,Cle upon irradiation with UV (370 nm), blue (452 nm), cyan (507 nm), green (527 nm) and red (660 nm) LEDs. For each color, an irra-

diance of 100 W m~2 was selected.
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Photoconducting devices

Each one of the new hybrid metal-halides were evaluated for
photoconductivity. Gold (Au) was evaporated on both ends of
the pellet to act as contact electrodes, electrode thickness:
100 nm, space between electrodes: 100 pm (Fig. S18). The DC
input was increased stepwise from —1.5 to +1.5 V and sub-
sequent currents were measured. A deep-blue (452 nm) cali-
brated high-power LED was used to perform I-V characteristics
under light (maximum intensity 1 mW mm™>). The observed
linear I-V curves indicate the ohmic behavior of the pellets
and the Au electrodes, with measured current values for
(DPP-Py)Pb,I-(DMF),, (DPP-Py)Pb,Brs, (DPP-Py)Pb,Cl, and
(DPP-Py)BiBr; at 1.5 V of 9.4 pA, 27.0 nA, 7.4 nA and 1.5 nA,
respectively (Fig. 7 and Fig. S19). Thus, the higher current
value at a given voltage of the (DPP-Py)Pb,Is(DMF), when com-
pared with other three devices confirms the higher conduc-
tivity of the lead-iodide system, which was suggested from
UV-Vis absorption measurements and calculated gap energy.
Moreover, the performances of the (DPP-Py)BiBr; are similar to
devices based on 1D lead-iodide inorganic networks with violo-
gen cation with spacing of 80 and 180 um, and on Bi-iodide
network with 4-methylpiperidine cation with spacing of
180 pm®*” between the gold electrodes. These results are
further confirming the interest of using electron-withdrawing
cations in iodide-free materials as possible strategy for tuning
the charge-transfer process and enhance photoconductivity.
All compounds show photoconducting behavior, and the evol-
ution in photocurrent/dark current ratio across the four
systems follows the opposite trend with ratio values of up to
1.6, 3.5, 3.6 and 3.7 (at 1.0 mW mm?) for (DPP-Py)
Pb,Is-(DMF),, (DPP-Py)Pb,Br,, (DPP-Py)Pb,Cl, and (DPP-Py)
BiBrs, respectively (Fig. 7g). The stability of the materials could
be confirmed by testing the photoconductivity on the same
devices seven months after the first series of measurements on
(DPP-Py)Pb,Cls and (DPP-Py)BiBrs, yielding similar results
(Fig. S20). This was also supported by PXRD measurements on
the (DPP-Py)Pb,Cls device which confirmed that the material
could retain its crystallinity (Fig. S8), further highlighting their
stability in air (under minimum 60% RH conditions) and over
time. Moreover, the stability of the signal is highlighted by
time-dependent current responses upon repeated on/off
irradiation on (DPP-Py)Pb,Cls, suggesting the overall stability
of the device under working conditions (Fig. 7c). Finally, the
photodetection of the hybrid material upon different wave-
lengths of irradiation (with a fixed irradiance of 100 W m~> for
all colors) was probed (Fig. 7h). The similar photoresponse
obtained using UV (370 nm), blue (452 nm), cyan (507 nm)
and green (527 nm) LEDs, as well as a relatively small photo-
response under red light irradiation (660 nm), revealed a detec-
tion range for these materials spanning a large part of the
visible spectrum. It should be noted the similar photoresponse
observed in compounds showing an energy level alignment of
type 1 (all-organic) and type II (organic-inorganic).
Nevertheless, even in type I all-organic systems, the (photo)
conducting behavior should be attributed to the hybrid nature
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of the material. Indeed, a similar device constructed from the
organic precursor alone (DPP-Py)I, revealed a very weak
current response (of few pA under 1.5 V bias voltage) and the
absence of photoconductivity under irradiation at 452 nm
(Fig. S21).

Conclusions

In summary, a DPP-based cation could be inserted in a series
of 1D hybrid metal-halide compounds. The DPP-Py** cation is
readily available in two steps only, from commercially available
reagents and presents other advantages such as redshift of the
absorption and lower LUMO thanks to its electron accepting
core. The versatility in chemical composition and crystal struc-
tures obtained confirms the ability of this organic molecule to
combine with metal-halides in order to achieve CT materials.
UV-Vis absorption and PESA measurements revealed the
potential of such hybrids for the fabrication of photoconduct-
ing devices. For the same inorganic network, changing the
nature of the cation from MV** to DPP-Py*" allowed to tune the
gap from 2.1 eV (previously reported in (MV)Pb,I) to 1.49 eV
(in (DPP-Py)Pb,ls:(DMF),). Moreover, one lead-free material,
(DPP-Py)BiBrs, has values of 1.74 eV, similar to previously pub-
lished photoconductor (HyEtV)Pb,Is but lower than the only
reported 1D (MV)BiBr; (around 2 eV). Theoretical calculations
revealed the fine tuning of the electronic structure in the new
series of compounds, ranging from a type I (all organic) align-
ment in the lead-chloride and lead-bromide networks, to a
type II (organic-inorganic CT) hybrid in the bismuth-bromide
material. Photoconducting devices were prepared and the
measurements show photocurrent/dark current response
ratios increasing from the lead-iodide to the bismuth-
bromide systems. Our findings suggest the possibility to use
small UV-Vis absorbing chromophores to fine tune the energy
gap of CT hybrid metal-halide materials. We show for the first
time that integration of the DPP chromophore into metal-
halides allows to replace both lead ions and iodide anions by
more eco-friendly and stable precursors, as highlighted by the
performances of the bismuth-bromide network.
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