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Abstract: Here we present a colloidal approach to
synthesize bismuth chalcohalide nanocrystals (BiEX
NCs, in which E=S, Se and X=Cl, Br, I). Our method
yields orthorhombic elongated BiEX NCs, with BiSCl
crystallizing in a previously unknown polymorph. The
BiEX NCs display a composition-dependent band gap
spanning the visible spectral range and absorption
coefficients exceeding 105 cm� 1. The BiEX NCs show
chemical stability at standard laboratory conditions and
form colloidal inks in different solvents. These features
enable the solution processing of the NCs into robust
solid films yielding stable photoelectrochemical current
densities under solar-simulated irradiation. Overall, our
versatile synthetic protocol may prove valuable in
accessing colloidal metal chalcohalide nanomaterials at
large and contributes to establish metal chalcohalides as
a promising complement to metal chalcogenides and
halides for applied nanotechnology.

Introduction

The pursuit of nontoxic and robust inorganic semiconduc-
tors sets bismuth-based materials as promising candidates
for light-harvesting purposes[1,2] thanks to a presumably low
toxicity[3,4] and a promising (photo)chemical stability.[5,6]

Among the most investigated bismuth-based semiconductors
stand the oxides, by virtue of their potentially high chemical

stability and low cost; however, their wide band gap
prevents the absorption of a significant portion of the solar
spectrum.[7,8] A more effective sun light absorption can be
achieved by the chalcogenides, such as Bi2S3 and AgBiS2,

[9–12]

and by the halide double perovskites, such as
Cs2AgBiBr6,

[13,14] due to their narrow band gap. Similarly,
bismuth chalcohalides have been recognized as potentially
efficient solar absorbers,[15–17] with a predicted defect
tolerance.[18,19] However, the use of bismuth chalcohalide
(nano)materials is still limited and their chemistry remains
largely unexplored. Traditional synthetic methods yield
good quality single crystals via time- and energy-intensive
processes, mostly relying on a slow (up to several days)
crystallization upon cooling of a melt from high starting
temperatures (up to above 500 °C).[17,20,21] Moreover, the
need for a post-growth processing of single crystals limits
their use in device fabrication. Indeed, most of the attempts
to exploit the light absorption properties of bismuth
chalcohalides have been based on their direct growth on
conductive substrates, which often resulted in a poor control
on the morphology of the synthetic products.[22,23] To over-
come these limitations, liquid-phase synthetic approaches
have been introduced with the aim of enabling the post-
synthesis deposition of the bismuth chalcohalides onto
substrates.[24–26] Recently, the issue of processability has been
further addressed by colloidal synthetic methods yielding
solvent dispersible nanocrystals of Bi13S18I2.

[27,28] However,
there are no reports to date of the colloidal synthesis of BiSI
or related nanomaterials (such as BiSBr or BiSeBr), despite
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them being suggested as potentially efficient, defect tolerant
photoactive materials for solar energy conversion purposes.
Here we present a colloidal approach to prepare

orthorhombic bismuth chalcohalide nanocrystals (BiEX
NCs) via the hot-co-injection of both the chalcogen (E=S,
Se) and the halogen (X=Cl, Br, I) precursors to solutions of
Bi-carboxylate complexes in a non-coordinating solvent.
Following this approach, we have synthesized colloidal
BiSCl, BiSBr, BiSI, and BiSeBr NCs; remarkably, BiSCl
NCs have been prepared as a previously unknown poly-
morph. The use of E and X precursors with different
reactivities can be exploited to exert control on the size and
shape of the BiEX NCs. The as-synthesized BiEX NCs
display promising light harvesting properties due to their
high absorption coefficients in the Vis spectral range, up to
above 105 cm� 1, and to composition dependent indirect band
gaps, ranging between about 1.5 and 2.5 eV. The BiEX NCs
show a promising chemical stability at standard laboratory
conditions and can withstand temperatures as high as 250 °C
in air without decomposing. In addition, the BiEX NCs can
form colloidally stable dispersions in solvents of different
polarities as a result of post-synthesis surface chemistry
modification reactions. These features have enabled the
processability of the NC dispersions into robust semi-
conductor solid films, which can be exploited for, among
others, photo(electro)chemical purposes. Indeed, BiSI NC
solid films can extract photocurrent densities under pro-
longed solar-simulated irradiation with a quantum efficiency
of the photon-to-current conversion process above 10%
across the entire Vis spectral region.

Results and Discussion

Synthesis of the BiEX NCs and Their Morphological,
Compositional, and Structural Analysis

Our synthetic approach relied on the reaction of Bi-
carboxylate complexes, which were prepared in situ by
dissolving bismuth(III) acetate, Bi(Ac)3, in a 1-octadecene
solution of oleic acid, with both the S and Br precursors
(bis(trimethylsilyl) sulfide, (Me3Si)2S, and benzoyl bromide,
BzBr, respectively), which were introduced in the reaction
flask by hot-co-injection. We explicitly avoided the use of
complexing agents that may act as reductants (such as
oleylamine) to prevent the formation of metallic Bi. Our
approach permitted us to tune the Bi :S :Br stoichiometric
ratio by independently controlling the corresponding pre-
cursor concentration, which is an advantage over the heat-
up methods based on the thermal decomposition of metal
halide salts.[29] In addition, this approach directly granted
access to the chosen reaction temperature, avoiding the
formation of undesired phases at lower temperatures.
Upon the co-injection of the S and Br precursors in a

1 :2 molar ratio to a Bi-carboxylate solution at 180 °C, a
reddish dispersion suddenly formed. A TEM inspection of
the reaction product revealed the formation of ribbon-like
NCs (Figures 1a, S1 and S2) with a length of about 170 nm
and a width of about 20 nm (both with a �20% polydisper-

sity; Figure S3). The XPD and PDF diffraction profiles of
the NCs matched the known orthorhombic Pnam BiSBr

Figure 1. a) TEM image of the as-synthesized BiSBr NCs. b) Rietveld
fitting of the synchrotron XPD diffractogram of the BiSBr NCs (to
facilitate the comparison with data collected on lab-grade setups, the
2θ values of the XPD horizontal axis were converted to emulate the
CuKα1 radiation). c) Crystal structure of the BiSBr NCs highlighting the
1D ribbons along the c-axis and the square pyramidal coordination of
Bi atoms (according to the CPK coloring: pink is for Bi, yellow is for S,
and dark red is for Br).
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structure (ICSD-31389,[30] Figures 1b and S4–S6). Upon
refinement, the model underwent a 1% variation of the
lattice parameters of BiSBr and a negligible average shift of
the atomic coordinates. The inclusion of the crystal shape
anisotropy factors in the XPD refinement process revealed
that the NCs elongate along the c axis (Figure S7), indicating
that the NC growth may be strongly related to the crystal
structure peculiar of BiSBr. Indeed, such a structure features
[(BiSBr)2]∞ quasi mono-dimensional ribbons constituted by
Bi� S frames laterally terminated by Br atoms that are held
together by non-covalent interactions. In this arrangement,
Bi experiences an edge-sharing square pyramidal coordina-
tion, with Bi forming three bonds with S and two bonds with
Br (Figure 1c). Compositional analysis revealed that the as-
synthesized NCs were Bi-rich and contained almost equiv-
alent amounts of S and Br (XPS data in Figure S8), thus
suggesting that the NC surface may be terminated by Bi-
oleate complexes.
Starting from this validated synthetic procedure, we tried

to achieve synthetic control over the BiSBr NC size and
shape. Adjusting the accretion temperature in the 150–
210 °C range, following the S and Br precursor co-injection
at 180 °C, did not produce significant morphological changes
(Figures S9–S12). The attempts to control the NC growth
via an eventual ripening induced by changing either the oleic
acid concentration or the accretion time mostly resulted in a
slight increase of the NC polydispersity (data not shown).
Tuning the reactivity of the synthetic precursors was,

instead, a more effective approach to exert control on the
NC size and shape; this was accomplished by replacing
(Me3Si)2S and BzBr with other S and Br precursors, namely
1,1,3,3-tetramethylthiourea and trimethylsilyl bromide,
(Me3Si)Br, respectively. The reduced reactivity of tetra-
methylthiourea (co-injected with either BzBr or (Me3Si)Br)
yielded BiSBr NCs with a fairly larger aspect ratio than
those obtained with (Me3Si)2S (Figures S13–S16). Con-
versely, we observed that (Me3Si)Br (when co-injected with
(Me3Si)2S) yielded phase pure BiSBr NCs, showing a lower
aspect ratio than that obtained upon co-injecting BzBr and
(Me3Si)2S (Figures S17 and S18). These findings demon-
strated that the use of S and Br precursors with different
reactivity can be exploited to control the BiSBr NC
morphology, thus further demonstrating the versatility of
our synthetic protocol (the aspect ratio distribution of BiSBr
NCs obtained with different S and Br precursors is shown in
Figure S19).
Our synthetic approach could be extended to the

preparation of BiEX NCs other than the BiSBr. As a
demonstration, we synthesized colloidal BiSeBr, BiSI, and
BiSCl NCs. Upon replacing the S precursor with a Se
precursor (1,1-dimethyl-2-selenourea or elemental Se) co-
injected with BzBr, we obtained BiSeBr NCs (daylight
picture of colloidal dispersions, TEM image, and XRD
pattern shown in Figures S20 and S21). Upon replacing the
Br precursor with a I precursor (benzoyl iodide, BzI, or
trimethylsilyl iodide, (Me3Si)I) co-injected with (Me3Si)2S,
we synthesized darkish colloidal dispersions of BiSI NCs
(daylight picture of colloidal dispersions, TEM image, and
XRD pattern shown in Figures S22 and S23).

Upon co-injecting benzoyl chloride, BzCl, and (Me3Si)2S
a yellowish dispersion formed, containing elongated NCs
(Figure S24). Remarkably, the XRD pattern of these NCs
could not be straightforwardly attributed to any of the
known ternary structures in the Bi� S� Cl system (namely,
BiSCl[31] and the related disordered structures) nor to any
binary combination of these three elements. However, a
compositional SEM-EDS analysis of the as-synthesized NCs
suggested that we obtained a Bi-rich ternary compound with
almost equimolar amounts of S and Cl (Figure S25). The
good quality of the XPD data, which featured broad yet
well-resolved peaks (Figures 2a and S26), motivated us to
attempt an ab-initio structural solution. To this aim, we used
the EXPO2014 software:[32] we first determined the unit cell
parameters and space group (i.e., the orthorhombic Pnma);
we then performed the extraction of the integrated inten-

Figure 2. a) Rietveld fit of the XPD data based on the calculated BiSCl
model obtained ab-initio and comparison with the reflection list of the
known BiSCl structure (to facilitate the comparison with data collected
on lab-grade setups, the 2θ values of the XPD horizontal axis were
converted to emulate the CuKα1 radiation). b) Superimposed crystal
structures of both the known (grey) and the disclosed (colored) BiSCl
polymorphs (according to the CPK coloring: pink is for Bi, yellow is for
S, and green is for Cl).
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sities for each reflection to achieve the structure solution by
direct methods, which provided a structural model that was
optimized by a Fourier recycling approach and refined by
the Rietveld method (see the Supporting Information for
further details). With this approach, we identified a
previously unknown polymorph of BiSCl (Figure 2b).[33]

This structure shares with the known BiSCl polymorph (and
with the other BiSX compounds) the [(BiSCl)2]∞ quasi
mono-dimensional ribbons held together by non-covalent
interactions, which are however arranged differently in the
two polymorphs (Figure 2b). Despite the good match of our
model with the experimental data, deviations occurred both
at large (XPD) and small (PDF) scales due to the presence
of minor impurities, as revealed by the presence of non-
indexed residual peaks. The contribution of the impurities
was estimated as 7% of the total weight by a semi-
quantitative analysis of the XPD profile based on the
MultiFit approach (see Figure S27).[34] A procedure based
on a comparative analysis of the PDF profiles generated
from a set of plausible crystal phases did not allow to
identify such impurities (Figure S28).
We remark the result of identifying ab initio the crystal

structure of our NCs, which is a challenging task, especially
on nanomaterials, due to the intrinsic broadening of the
diffraction peaks, even if performed on high-quality syn-
chrotron data. As a further confirmation, DFT simulations
supported the plausibility of our structural solution, suggest-
ing that this novel BiSCl polymorph is more stable than the
previously known polymorph by 10.5 meVatom� 1 (Ta-
ble S5). The polymorphism may manifest itself through the
color of BiSCl, that is the yellow of our NC dispersions
compared to the red of the naturally occurring crystals of
BiSCl known as demicheleite-(Cl).[35]

Optical Properties and Electronic Structure of the BiEX NCs

Colloidal BiEX NCs showed composition dependent optical
properties, as already evident by a naked eye observation of
the yellowish BiSCl, the reddish BiSBr, and the darkish BiSI
NC dispersions. The extinction of the incident light (i.e.,
both absorption and scattering) by toluene dispersions of
the BiSX NCs showed a broad peak in the Vis spectral
range, which shifted towards lower energies the heavier the
X element (Figure 3a). Solid state samples were prepared,
by deposition on a glass slide of the as-synthesized NCs, to
take into account the scattered light component (character-
ization of such samples shown in Figures S29–S32). Upon
measuring the reflectance and the transmittance of the BiSX
NC thin films (Figure S33), along with their thickness, we
estimated that the NC absorption coefficients (a, Fig-
ure S34) exceeded 105 cm� 1, with larger values the heavier
the X element (Figure 3b). Such a values are similar to, if
not larger than, those of the methylammonium lead iodide
perovskite and other common inorganic semiconductors
(Figure S35);[36] in addition, the absorption coefficients of
the BiSX NCs are comparable, up to a correction for the
dielectric screening exerted by the surrounding ligands and
the solvent,[37] to those of the most commonly employed

colloidal Pb-based NCs, such as chalcogenides and halide
perovskites (Figure S36).[38,39] The onset of the absorption
spectra was used to estimate the NC indirect band gap,
which was 2.05 eV for BiSCl NCs, 1.95 eV for BiSBr NCs,
and 1.50 eV for BiSI NCs (Figure S37); the direct band gap
of the BiSX NCs, which is expected to be close in energy to
the indirect band gap as suggested by the large absorption
coefficients, was 2.55 eV for BiSCl NCs, 2.25 eV for BiSBr
NCs, and 1.60 eV for BiSI NCs (Figure S38) showing that

Figure 3. a) Extinction spectra and daylight picture of toluene colloidal
dispersions of BiSCl, BiSBr, and BiSI NCs. b) Absorption coefficients
and daylight picture of thin films of BiSCl, BiSBr, and BiSI NCs.
c) Computed band structure and density of states (with atomic orbital
projections) of BiSBr (band structures for BiSCl and BiSI are shown in
Figure S39).
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the energy difference between the direct and the indirect
band gap decreases the heavier the X element (i.e., about
500, 300, and 100 meV for Cl, Br, and I, respectively). No
luminescence was detected upon excitation at the low
fluences typical of a conventional fluorimeter.
DFT simulations confirmed the indirect character of the

band gap and revealed that the valence and conduction
band edges are mostly localized on S and Bi atoms,
respectively (Figures 3c and S39). The calculated band gaps
qualitatively reproduced the experimental trend of the BiSX
NCs, namely: 2.15 eV, 2.00 eV, and 1.82 eV for X=Cl, Br,
and I, respectively. However, a quantitative comparison
with the experimental values is affected both by the well-
known tendency of GGA functionals (such as PBE) to
underestimate the band gap and by the overestimation due
to the neglect of SOC effects. In fact, the inclusion of SOC
led to a band gap reduction (from 2.00 to 1.50 eV for
BiSBr), without modifying the indirect character of the
lowest energy electronic transition (Figure S40). Neverthe-
less, DFT calculations were useful to estimate the impact of
polymorphism on the optical properties of BiSCl: accord-
ingly, the estimated band gap of the known BiSCl poly-
morph was 1.83 eV, i.e. about 300 meV smaller than that of
our BiSCl NCs (Figure S41); these calculated band gap
values may explain the appreciable color differences
between our yellow NCs and the red demicheleite-(Cl)
crystals (Figure S42).[35]

Stability of the BiEX NCs

The reliability of our synthetic method prompted us to test
the stability and processability of our BiEX NCs, which are
fundamental for potential applications. To this aim, we
prevalently investigated the BiSBr NCs, although we
extended such an investigation to the other BiEX NCs.
Toluene dispersions and dry powders of the NCs showed no
appreciable differences in their XRD patterns upon long
term storage at ambient conditions. The BiSBr NCs under-
went a slight oxidation only when the thin film samples
prepared for XRD measurements were aged in ambient
conditions for one month at least (Figures 4a and S43). In
addition, no further structural transformation could be
observed upon annealing the NCs in air up to 250 °C; above
this temperature, the BiSBr NCs started to convert to the
oxybromide BiOBr (Figure 4a). In the perspective of device
fabrication, such a thermal stability could be exploited to
anneal the NCs casted onto a substrate to eventually induce
close packing, which may promote inter-NC electronic
coupling.
The as-synthesized NCs showed a Bi-rich composition,

thus suggesting that their surface may be terminated by Bi-
oleate complexes. The oleyl chains exposed to the surround-
ings conferred a decent colloidal stability to the NCs.
However, the NC length, often exceeding 100 nm, and the
tendency to bundle of elongated NCs, caused their precip-
itation and the eventual adhesion to the glass walls of the
dispersion containers. In order to solve this issue, we
performed post-synthesis surface chemistry modification

Figure 4. a) XRD patterns of the BiSBr NCs upon one month storage at
ambient conditions then heated up to 350 °C. b) 1H NMR spectra of
the as-synthesized BiSBr NCs upon ligand exchange with either 1-
dodecanethiol or dimethyldidodecylammonium bromide in toluene-d8.
c) FTIR spectra of the BiSBr NCs capped with either oleic acid or
dimethyldidodecylammonium bromide upon solution phase ligand
exchange with methylammonium bromide.
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reactions by the room temperature addition of ligands that
were expected to bind surface Bi atoms.[40] We thus used
ligands with an aliphatic pendant moiety and a binding
moiety constituted by the same non-metal elements of the
NCs, namely the S of 1-dodecanethiol (DoSH) and the Br of
dimethyldidodecylammonium bromide (Me2Do2N

+Br� ). As
shown by 1H NMR measurements, both ligands quantita-
tively displaced the oleate ligands coming from the synthetic
procedures (Figure 4b). Indeed, the replacing ligand addi-
tion and the subsequent NC purification resulted in an
almost complete disappearance of the vinylene resonance of
the oleyl moiety at �5.4 ppm and in the concomitant
appearance of resonances characteristic of either aliphatic
thiols or quaternary ammonium salts (Figure 4b).
The replacing ligands improved the colloidal stability of

both the BiSBr NC dispersions, although an excess of such
ligands, as suggested by the narrow linewidth and the
multiplicity of the NMR resonances,[41] was necessary to
achieve long-term stability (Figure S44). In particular, NCs
coordinated by Me2Do2N

+Br� ligands could be readily
redispersed in apolar solvents, such as toluene, by gentle
shaking with no appreciable amount of material sticking to
the glass vial walls. In addition, the replacing ligands did not
induce structural transformations in both the BiSBr NCs,
which is instead a common observation for metal halide
perovskite NCs (Figure S45).[39] We also used ammonium
halide salts with short aliphatic substituents (such as meth-
ylammonium bromide, MeNH3

+Br� ) with the intent of
promoting inter-NC electronic coupling in solids thereof.
Indeed, MeNH3

+Br� ligands could effectively coordinate
the NC surface, permitting to transfer the BiSBr NCs in
polar solvents, such as dimethylformamide. The MeNH3

+

Br� species efficiently replaced either the pristine oleate
ligands from the NC surface, as shown by FTIR measure-
ments: the carbonyl stretching of NC-bound oleate at
�1470 cm� 1 (and that of the excess oleic acid appearing at
�1700 cm� 1) almost disappeared upon MeNH3

+Br� ex-
change and transfer to dimethylformamide, accompanied by

a drastic reduction of C� H stretching at �2900 cm� 1; in
addition, a broad peak appeared at �3200 cm� 1 that was
assigned to N� H stretching (Figure 4c). An efficient ligand
exchange to MeNH3

+Br� was achieved also starting from
NCs capped with Me2Do2N

+Br� (Figure 4c); this is of
particular importance for the fabrication of NC solids with
an appreciable inter-NC charge transport (as described
hereinafter).

Towards Photoelectrochemical Applications of the BiEX NCs

The promising light absorption properties of the BiEX NCs
and the amenability to both surface chemistry modification
and thermal annealing permitted us to process the NCs into
stable, insoluble solids that can be deposited on various
substrates (such as bare glasses, conductive glasses, stainless
steel, and silicon wafers). Such solids were fabricated by a
three-step method comprising: i) the spin casting of the NCs
previously exchanged in the solution phase with the
corresponding Me2Do2N

+X� salt; ii) the solid phase ex-
change of the ligands with the corresponding MeNH3

+X�

salt, then followed by rinsing with dimethylformamide;
iii) the thermal annealing at 180 °C. All the steps were
repeated up to eight times to fill cracks and voids due to the
displacement of the bulky ligands and to the eventual close
packing of the NCs induced by the annealing process. We
point out that such a procedure to fabricate NC solid films
was conducted at standard laboratory conditions, without
control on either the ambient temperature or humidity. In
the case of BiSI, we obtained NC solid films with a metallic
luster (Figure 5a) and a reduced rugosity, as demonstrated
by the variations in thickness amplitude (�7 %) measured
both at the mesoscopic size scale, with a profilometer, and at
the microscopic size scale, by SEM imaging (Figures S46 and
S47). Morphological, compositional, and structural analysis
of the solid films revealed that the BiSI NCs were negligibly
affected by the photoelectrode fabrication procedure com-

Figure 5. a) Daylight picture of a BiSI NC film cast on a ITO substrate used as a working electrode for photoelectrochemical measurements.
b) Photocurrent density extracted at a 0.25 V bias under solar-simulated illumination. c) Incident photon to current conversion efficiency at a
0.25 V bias under monochromatic illumination. d) Tentative energy level diagram of the photoelectrochemical cell based on BiSI NC
photoelectrodes.
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prising a double ligand exchange and an annealing step
(SEM-EDS, XPS, and XRD data are shown as Figures S48–
S50, respectively).
We thus performed photoelectrochemical studies by

using BiSI NC solids deposited on conductive (ITO)
substrates as the working electrode (Figure 5a), which was
immersed in an electrolytic solution containing the iodine/
iodide redox couple; the current passing through the NC
solids was balanced at a Pt plate as counter electrode, while
the potential was controlled with an Ag/AgCl reference
electrode (Figure S51).[42] Under solar simulated illumina-
tion, a photocurrent density of the order of the mAcm� 2 was
extracted at a 0.25 V bias; after a slight initial drop, most
likely related to the photo-induced occupation of trap states,
a stable photocurrent density could be extracted for several
minutes, with a good reproducibility between different NC
solids (Figures 5b and S52). Chopped-light current density-
voltage measurements were used to estimate the flat band
potential of the BiSI NC solids,[43] which we estimated at
� 4.6 eV vs the vacuum level (Figure S53). The quantum
efficiency of the incident photon energy conversion to
extracted charge carriers (IPCE, η) was evaluated, in the
same three-electrode configuration, to be above 10% across
the entire Vis spectral range (Figures 5c, S54, and S55).
Electrochemical impedance measurements were carried out
to identify the n-type semiconducting behavior of the BiSI
NC solids via the Mott–Schottky analysis (Figure S56).[44]

The n-type character of the BiSI NC films was corroborated
by UPS measurements, which suggested that the Fermi level
lies close to the conduction band edge, being the absolute
energy of the valence band edge at � 6.00 eV vs the vacuum
level and the work function of �4.35 eV (Figure S57).
Considered also the work functions of both the ITO
substrate[45] and the Pt plate[46] together with the redox
potential of the I3

� /I� couple,[47] an energy level diagram was
attempted (Figure 5d). We note that our BiSI NC solids
were stable all throughout the measurements and did not
show appreciable signs of degradation upon intense
(100 mWcm� 2) irradiation in the corrosive environment of
an electrolytic solution containing the iodine/iodide redox
couple. Such a robustness of our NC solids is remarkable,
considering that photoelectrochemical measurements in
analogous experimental conditions on Pb chalcogenide and
halide perovskite NCs are often unfeasible due to their
degradation.

Conclusion

Here we have presented a synthetic method to prepare
colloidal orthorhombic BiEX NCs. Our method is based on
the hot-co-injection of both the chalcogen and halogen
precursors in a Bi-carboxylate complex solution. The crystal
structure peculiar of BiEX, which features a directional
Bi� S covalent framework, prompts the growth of elongated
NCs. Different chalcogen and halogen precursors proved
able to exert control on the aspect ratio of the NCs. Our
method may be further consolidated by the use of precursor
libraries[48] to systematically pursue the tuning of the NC size

and shape; we also expect that our synthetic protocol could
be reliably applied to other pnictogen cations, such as As
and Sb, and to mixed metal, quaternary chalcohalide, such
as those comprising other cations like Ag, Cu, Cs, among
others. To the best of our knowledge, this is the first report
on the synthesis of colloidal orthorhombic BiEX NCs.
Interestingly, the BiSCl NCs crystallized only in a previously
unknown polymorph, thus confirming how the colloidal
synthesis of nanoscopic crystals may give access to phases
that cannot be stabilized at larger size scales.[29,49,50] The
colloidal Bi chalcohalide NCs showed composition depend-
ent band gaps and large optical absorption coefficients
across the Vis spectral range, comparable to those of other
semiconductors such as the Pb chalcogenides and halide
perovskites. The colloidal BiEX NCs can be processed from
the solution phase at ambient conditions without significant
degradation: both surface chemistry modification and ther-
mal annealing were exploited to prepare robust NC solids
that can withstand photocorrosion more than the Pb
chalcogenides and halide perovskite NCs. We thus fabri-
cated photoelectrodes based on our BiEX NCs that can
harvest the sun light extracting an electric current with a
quantum efficiency above 10% across the entire Vis spectral
range. We expect further improvements for vertical devices
that could potentially take advantage of the directional Bi� S
framework of the NCs.[51,52] These findings set the colloidal
BiEX NCs as promising solar absorbers for photocatalytic
and optoelectronic applications.[23,53,54] This work thus ex-
tends our knowledge on the chemistry of metal chalcohalide
nanomaterials and contributes to establish this class of
inorganic semiconductors as an effective complement to
metal chalcogenides and halides for light-harvesting pur-
poses.
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